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ABSTRACT
Hyperbranched polymer produced from triglycerides have been polymerized via reversible
addition-fragmentation chain transfer polymerization (RAFT). Triglyceride is one of the main
components in vegetable oils and has been considered stable, non-toxic and environmental-
friendly. Additionally, the unsaturation of fatty acid chains makes triglycerides competitive
as monomer. Therefore, triglycerides are considered one of the most important bio-based
chemical resources. The resulting hyperbranched polymers have great potential in coating,
drug delivery, and etc.. Chemical modification has been applied to increase chemical ac-
tivities of double bonds by introducing acrylate groups. Due to the high unsaturation of
modified triglycerides (∼ 2.6 functionality per molecule) , radical polymerization leads to
macro-gelation at low conversion according to the classic Flory-Stockmayer theory. How-
ever, this work demonstrates that gelation process is easily affected or even avoid by simply
tuning reaction conditions, which affect the competition of inter-/intra molecular reactions.
The intra-molecular reactions decrease the efficiency of polymerization and leads the cyclings
to form within macromolecules. The increased proportion of intra-molecular reactions not
only suppresses the gelation process, but also leads to heterogeneity in structure. The less
homogeneous structures deviate their chain relaxation dynamics from classic models. Zimm
model and Rouse model have been successfully used to describe relaxation dynamics for hy-
perbranched polymers. Due to the high density of side chains, main chain entanglement is
largely restricted. Furthermore, the side chains also interacts with the main chains, may or
may not providing drag or friction, leading the relaxation process obeying Zimm model or
Rouse model. In this work, a close study of hyperbranched PAESO relaxation process has
been done. Discussion about how branches and cyclings deviates the process from ideal
Zimm model has given. Furthermore, in this work, a study of different triglyceride com-
positions has been done, i.e. what oleic/linoleic/linolenic fatty acids behave in reaction and
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affect physical properties. Lastly, preliminary data obtained from morphology study of hy-
perbranched PAESO has been displayed. Overall, this work connects the rheology properties
with hyperbranched PAESO structures and synthesis conditions. It may provide insights in
hyperbranched PAESO application.
1CHAPTER 1. INTRODUCTION
1.1 General introduction
Bio-basedmaterials refer to thosematerialsmade from living organisms instead of petroleum
based chemicals. It catches people’s attention due to its sustainability and environment friend-
liness. Among the bio-resources, vegetable oil is one of the most approving, not only because
of its abundance and non-toxic; but also its constant price as shown in Figure 1.1.
Figure 1.1: Price trend of soybean oil and butadiene from the year 2008 to 2015.
Vegetable oils have long been applied into many industries besides food industry. The
main component in vegetable oil, triglyceride, has been considered as a good candidate in
lubricant and hydraulic fluids industry. Its fatty acid chains are long and polar which can
provide the strength and resistant to high temperature[5, 6]. Vegetable oils have also been
considered as a source for biodiesel [7]. Additionally, they are applied in polymer industry.
Abundant double bonds in triglycerides provide opportunities for monomermodification and
polymerization[8, 9, 3].
21.2 Triglyceride as monomer
Triglyceride is one of the main compositions in vegetable oils. As shown in Figure 1.2,
unsaturated fatty acids make triglycerides a good competitor to petroleum based chemicals
as monomer. However, unmodified isolated double bonds have low activity, which limits
the polymerization of triglycerides. In order to improve activity, Larock et al. successfully
changed the isolated to conjugated double bonds by a rhodium-based catalysts[10].R.P. Wool
et al. developed several chemical pathways to modify carbon carbon double bonds in triglyc-
erides, e.g.,epoxidized soybean oil(ESO), acrylated epoxidized soybean oil(AESO) [11]. As
the activity got improved, varies polymerization methods have been employed, e.g. cationic,
ring-opening metathesis and polycondensation polymerization [8].
Figure 1.2: Sketch structure of triglyceride
Since then, triglycerides have been applied into thermosetting plastic, such as polyesters[12,
13], polyamides[14, 15] and polyurethanes[16]. Due to high function density of triglycerides,
products show a comparable thermal and mechanical result as conventional thermosetting
plastic. Yet due to the high tendency to crosslink, they have been considered not suitable for
thermoplastic polymer. Until recently, the first thermoplastic polymer/elastomer has been
produced by E.W. Cochran et al.. They have discovered that control/living free radical poly-
merization suppresses gelation and enables high molecular weight soluble polymer via both
ATRP[17] and RAFT[4]. Furthermore, triglycerides can be copolymerized with polystyrene
into poly(styrene-AESO) and poly(styrene-AESO-sytrene), which have been proved to be a
potential substitution to styrene-butadiene rubber (SBR)[3].
31.3 Thesis overview
The goal of this project is to replace petroleum-based chemicals in thermoplastic elastomer,
e.g. butadiene, by triglyceride, known as ”green” chemical. The exploration of structure and
property relation of hyperbranched polymer produced from triglycerides can provide syn-
thesis guidance. The thesis is composed of seven chapters. The first two chapters provide
background as well as methods and theories used in this project. The third chapter is the
literature review of soybean oil as monomer and the recent progresses of our hyperbranched
poly(acrylated epoxidized soybean oil) (PAESO) and PS-PAESO copolymer. The fourth chap-
ter contains a thorough research on PAESO gel point study. It explains why high molecu-
lar weight PAESO can be obtained without crosslinking and how reaction conditions affect
the polymer chain architectures. In chapter five, melt rheology has been applied to detect
and characterize the various chain architectures which were obtained in different conditions.
Chapter six records how various fatty acids influences triglycerides as monomer in terms of
chemical reaction and physical properties. The last chapter provides preliminary data from
ongoing work and outlook for future work.
4CHAPTER 2. EXPERIMENT ANDMETHOD DETAILS
This chapter is a comprehensive list of the synthesis detail including purification methods
and reaction conditions; as well as instruments protocols.
2.1 Experimental materials
Soybean oil, epoxidized (ESO, Scientific Polymer Products, Inc) was used directly with-
out any further purification. Soybean oil, epoxidized acrylate (AESO, contains 4,000 ppm
MEHQ as inhibitor, Sigma-Aldrich) was purify immediately before use by passing through
column packed with inhibitor remover (for removing hydroquinone and monomethyl ether
hydroquinone, Sigma-Aldrich) and silica gel (100-200 Mesh/923, Chromatographic Grade,
Fisher). Azobisisobutyronitrile (AIBN, 98% Sigma-Aldrich) was recrystallized following stan-
dard procedure before further use. 1,4-Dioxane (Reagent grade, Fisher Scientific), Hydro-
quinone (Crystalline powder99%, Fisher Scientific), Acrylic acid (Anhydrous, contains 200
ppmMEHQ as inhibitor, 99%, Sigma-Aldrich), Potassium hydroxide (Fisher Scientific), Anhy-
drous Ethanol (200 proof), CarbonDisulfide (99%, Sigma-Aldrich) and Ethylα-Bromoisobutyrate
(98%, Simga-Aldrich) also used as received.
2.2 Synthesis and purification methods
Epoxidized soybean oil synthesis 200 g of each oil and 48.12 g of formic acid (1:4.12 oil
to formic acid mole ratio) was added to a 1 L round bottom flask. 156mL hydrogen peroxide
(30% v/v, 1:1.5 to double bond mole ratio) was added dropwise for 4 hours. The flask was
placed in an oil bath at 50rˇC and stirred at 600 RPM. After the reaction DI water was used to
cool down the solution and sodium bicarbonate to neutralize the acid. After stirring till no
5additional bubble coming out, diethyl ether was added.The mixture was then transferred to
a separation funnel and washed with DI water until neutral was reached. The aqueous layer
was discarded and the organic layer was dried over anhydrous magnesium sulfate and then
filtered. Excess ether was removed in a rotovap and the resulting epoxidized oil was dried in
a vacuum oven. Final epoxidation number was calculated using 1H-NMR.
Acrylated epoxidized soybean oil synthesis 100g of ESO (0.1 mol), 28g of acrylic acid (0.4
mol), 7g amberlyst 15 (7% w/w of ESO) and 7g ethanox 330 (7% w/w of ESO) were added
in a round bottom. The reaction was allowed to react 3 to 5 hours at 100 ◦C depending on
functionality designed. A chilling column was placed on top of round bottom to have acrylic
acid in reflux. After the reaction is done, catalyst beads were filtered before the solution cooled
down to room temperature. Distillation was then done at 100 ◦C under vacuum in order to
remove excess acrylic acid.
Chain transfer agent synthesis Ethyl 2-(ethoxycarbonothioylthio)-2-methylpropanoate (ETMP)
was synthesized following the method reported by Bergman et al.[18, 19]: Potassium hydrox-
ide (50 mmol) was stirred in ethanol (20 mL) at room temperature until it completely dis-
solved. Then carbon disulfide (10 mL) was added over 90 minutes, and the solution was
allowed to stir for five hours. Ethyl α-bromoisobutyrate (14.8 mL) was added dropwise, and
the solution was stirred for 12 hours. The mixture was filtered and solvent was removed
by rotary evaporation. The resulting yellow liquid was diluted with diethyl ether and twice
passed through a chromatography column packed with basic aluminum oxide. Diethyl ether
was removed by rotary evaporation and the product was further dried in vacuo for more than
20 hours. ETMP was produced as light yellow liquid with purity higher than 95% and 30%
yield. 1H-NMR (Bruker, AVII, 600 MHz) in CDCl3 was used to confirm structure and purity:
δ 1.28–1.30 ppm (t, 3H, CH3CH2), δ 1.40–1.42 ppm (t, 3H, CH3CH2), δ 1.61 ppm (s, 6H, CCH3),
δ 4.19–4.22 ppm (m, 2H, CH3CH2), δ 4.60–4.63 ppm (m, 2H, CH3CH2) as shown in Figure2.1.
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Figure 2.1: 1H-NMR spectrum for ETMP
AIBN recrystallization 100mL methanol was added in a 250mL beaker. AIBN was added
slowly until no further dissolve can be seen. The solution was then decanted into another
clean beaker, separated from undissolved AIBN, and placed in an ice-bath or a refrigerator for
one hour. Re-crystallized AIBN was then filtered out and dried under vacuum oven at room
temperature over night.
RAFT polymerization Certain amounts of AESO, chain transfer agent (ETMP), AIBN and
1,4-dioxane were added into a round bottom flask. After the mixture was fully dissolved,
argon was used to purge the solution for at least 20 min. The reaction was allowed to continue
at 90◦C at a stirring rate 700 rpm. Aliquots were taken during reaction under argon purge.
Hydroquinoe was added into samples to stop reaction immediately after each aliquot. A room
temperature vacuum ovenwas used to dry samples before determination of vinyl conversions
by proton NMR. Then samples were washed by methanol several times until no trace of the
monomer peak shown on GPC.
Sample preparation for Lipid composition analysis Both oil and epoxidized oil was an-
alyzed through a standard lipid composition analysis protocol using GC-MS. Samples were
prepared following the procedure below. 2 mg of solid sample and 20 µL of each liquid sam-
ple along with 5 µL of nonadecylic acid (C19)as standard (1 mg/mL) were mixed with 2 mL
of 1:5.25 (V/V) HCl:methanol solution and heated to 80◦C for 30 minutes. 2 mL of 0.9% NaCl
was added and the organic layer was extracted by hexane extraction twice. Collect the organic
layer into a 2mL GC vial and nitrogen air dried to 0.3 mL.
72.3 Polymerization methods
The conventional synthetic methods for hyperbranched polymer is step-growth polymer-
ization, via polycondensation of an ABx(x > 2) or A2+By (y > 3) system. However, as men-
tioned earlier, one of the problems is the uncontrollable polymer structure, which leads to
high polydispersity[20, 21].
Free radical polymerization has also been applied to hyperbrnached polymer synthesis
due to its versatility andwidely utilization in industry. However, its high tendency to crosslink-
ing keeps the extent of reaction extremely low before gelation[22].
In order to control polymerization and to increase the extent of reaction, controlled rad-
ical polymerization(CRP) techniques have been introduced to hyperbranched polymer syn-
thesis, including atom transfer radical polymerization (ATRP)[23] and reversible addition-
fragmentation chain transfer (RAFT)[1] polymerization. Through the introduction of equilib-
rium in the chain transfer (RAFT) or termination (ATRP) processes, CRP lowers the concentra-
tion of active species, which allows radicals to propagate with the near-absence of irreversible
termination reactions and produces polymer chains that grow in an early mono-distributed
fashion[24, 25]. In contrast to free radical polymerization, where gelation occurs before most
of the primary chains have even initiated, in the CRP process all initiation essentially oc-
curs before significant chain growth; for this reason crosslinking events are distributed evenly
amongst all primary chains, requiring comparatively far more crosslinks before network for-
mation ensues.
RAFTPolymerizationReversible addition-fragmentation chain-transfer (RAFT) polymerza-
tion is a controlled free radical polymerization technique recently developed by G Moad et
al[1]. It incorporates chain transfer agent (CTA), which is usually di-thio or tri-thio carbonyl
compound and controls polymerization by capturing propagating radicals into a dormant
specie. Hence, the decreased radical concentration largely depresses termination process. Fur-
thermore, rapid equilibrium between active radical species and dormant compounds enables
the equal chances for all the chains to grow during the whole polymerization process. There-
fore, low PDI polymer is obtainable.
8As shown in Figure2.2, RAFT polymerization is initiated via the same thermal initiators
as conventional free radical polymerization, e.g. azobisisobutyronitrile (AIBN), azobis (cy-
clohexanecarbonitrile) (ACCN), and etc.. Propagation process in RAFT is interfered by CTA
(Structure 1). Propagating radical gets inactivated by transferring to C=S double bond and
becoming a dormant radicals (Structure 3). New propagating process will not be activated
until fragmentation occurs. After R group is released, reinitiation process begins. The repeat-
ing equilibrium process occur between propagating and dormant radicals through out the
whole reaction. Termination can be depressed due to the introduction of temperate inactivity
of radicals. Mechanism of RAFT polymerization is as shown below 2.2.
Figure 2.2: Mechanism of RAFT polymerization[1].
Typical chain transfer agents, generic structure as shown in Figure2.3 have three families
of molecules including ditiho, trithio and zanthate molecules according to different Z group
structure. Z groups affect the stability of thiocarbonyl and the addition and fragmentation
rate of R groups. R groups server as leaving group and generate stable free radical to further
initiate monomers. The proper choice of CTA is the key step of the success application of
RAFT polymerization.
9Figure 2.3: Skeptical generic chain transfer agent structure.
2.4 Characterization methods
Gel Permeation Chromatography (GPC) Molecular weight and PDI were estimated by
GPC with a RI detector (Wyatt Technology, Optilab T-rEX) and a dual detector assembly with
light scattering and viscometry (Malvern, Viscotek 270 Dual Detector. Chloroformwas used as
solvent for all samples at room temperature at a flow rate 1.0mL/min. A polystyrene standard
received from Malvern Instruments Ltd with 101kDa molecular weight and PDI as 1.02 was
used as universal calibration method. Column calibration was done using a set of narrow
distribution polystyrene standards, molecular weight of which range from 2600 Da to 821
kDa.
Nuclear Magnetic Resonance (NMR) Organic molecule structure and purity as well as
polymerization conversion were determined via 1HNMR spectra. All experiments were con-
ducted on a Bruker AV II-600 spectrometer in CDCL3 at room temperature.
Differential scanning calorimetry (DSC) DSC was used to investigate the glass transi-
tion temperature Tg of poly(Acrylated Epoxidized Soybean oil) (PAESO) polymers as well as
crystallization temperature Tc of epoxidized vegetable oils. Samples were tested on a TA In-
struments DSC-Q2000 equipped with refrigerated cooling system range from -90 to 550 ◦C.
Tzero hermetic pans / lids were used as sample holder.
The PAESO samples were first ramped up to 90 ◦C to erase their thermal history and
equilibrated at -20 ◦C for 2 minutes. Three cycles of heating up to 90 ◦C and cooling down to
-20◦C at rate of 10◦C /min were conducted. Tgs were determined from the second cycle.
A similar procedure was conducted to ESO samples. A heating up to 80◦C process was
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done to erase thermal history and then followed an equilibriumprocess at -70 ◦C for 2minutes.
A 5◦C/min ramping speed was chosen for crystallization temperature Tc test at the range of
-70 ◦C to 80 ◦C.
Rheometer Strain controlled rheometer Ares-G2 (TA Instrument) equipped with liquid
nitrogen as the low temperature source was used to determine PAESO’s linear viscoelastic
properties. 8mm parallel plate was chosen as the tool for this experiment. Samples with 0.5 ∼
1 mm thick were loaded evenly. Soft samples were loaded directly to the plate. Then followed
a pre-experimental shear at elevated temperature for 1 minute in order to have homogeneous
sample disk with no bubbles. Hard and powder samples were hard pressed into a disc before
tests.
Linear viscoelastic regions (LVR) were determined for all samples before temperature fre-
quency sweep test at 1 rad/s oscillation and 0.1 ∼ 0.5 N axial force. A typical result is shown
below.
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Figure 2.4: An example of LVR determination test is shown here with three temperatures. 4
80 ◦C;  60 ◦C;© 40 ◦C. LVR is the region where storage moduli remain at the same level as
the strain rate increases. Dashed line represents LVR at each temperature. Data were obtained
from sample 832−R405−110min
Frequency sweep tests were conducted at the middle of LVR with temperature ranging
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from 90 ∼ -40 ◦C and frequency 1 ∼ 100 rad/s. Time-temperature superposition (TTS) shift
was applied in order to have a wide range oscillation master curve. A typical result obtained
after TTS is shown below.
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Figure 2.5: Master curve of oscillation dynamic moduli obtained from frequency temperature
sweep experiment has been plotted following TTS shift. Storage modulus G’4; Loss modulus
G”; Complex viscosity ◦. Shift factor αT vs temperature has been plotted in the insert figure.
Reference temperature as Tref = 40◦C. Data obtained from sample 832−R405−110min.
ARES-G2 rheometer from TA instrument with an Advanced peltier system (APS) was used
as a viscometer with accurate temperature control. A bob with a 27.66 mm diameter and 41.5
mm length and a cup with a 30 diameter was chosen. The operation gap between cup and bob
was set to 3.6 mm. Experiments were performed at 20, 30, 40 and 50 ◦C. Shear rate ramped up
from 1 to 200 s−1 in 100 seconds and 100 data points was recorded in logarithm space. Since
all of the epoxidized oils are Newtonian fluids, the viscosity was taken as the average over all
the data points at a certain temperature as shown below in Figure 2.6.
X-ray powder diffraction X-ray diffraction was done in Ultima IV (Rigaku CO.) with a
copper radiation source. Sample (Epoxidized high oleic soybean oil) was rapid cooled down
using liquid nitrogen and finely grounded as powder using a ceramic mortar and pestle before
filling into a clean blank glass sample holder. Powder on the holder was then pressed via a
glass slide. Sample was scanned under room temperature from 3 to 50 ◦ at a speed of 2 ◦/min.
GC-FID GC-FID was used to analyze lipid composition (vegetable oil and epoxidized
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Figure 2.6: Shear viscosity of vegetable oil with temperature at 20◦C(), 30◦C(©), 40◦C(),
50◦C(4).
vegetable oil). Agilent Technologies Model 6890 gas chromatograph, equipped with LTM
oven and flame ionization detector was used.The method used was: inject at 100◦C, hold for 1
minutes, ramp 20◦C/min to 240◦C and hold for 10 min. Example spectrum was shown below
in Figure 2.7.
Atomic Force Microscope Atomic Force Microscope (AFM) has been used in morphology
study of hyperbranched PAESO. Digital Instruments MultiMode with tapping mode AFM
from Bruker has been used. DNP-10 contact mode silicon nitride and RFESPA-40 tapping
mode etched silicon AFM probes have been used, both of which were purchased from Bruker.
Samples were dissolved into HPLC grade tetrahydrofuran and diluted to 0.2% ∼ 0.0002%
w/w concentration. Then the solution was sonicated for 30 minutes before drop casted to a
12 mm Mica substrate. Vacuum dry was applied at room temperature to evaporate solvent
before AFM test.
Transmission Electron Microscope Electron microscopy instrumentation includes a 2007
JEOL 2100 200 kV scanning and transmission electron microscope (STEM) has been used in
morphology study of PAESO. PAESO (2%w/w)wasmixedwith Poly( 5-ethylidene-2-norborenen)
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Figure 2.7: An GC-FID spectrum example from soybean oil. Peak (a) is from C16:0, Peak (b)
from C 18:0, Peak (c) from C18:1, Peak (d) from C18:2, Peak (e) from C18:3
(98%) and the mixture was dissolved in HPLC grad tetrahydrofuran. The solution was son-
icated in water bath for 30 minutes before dried in vacuum oven. The 70 mm section was
prepared under cryo and staind by 2% osmium tetroxide solution for an hour prior to imag-
ing.
2.5 Theoretical methods
Gelation theory Three-dimensional polymers and gelation theory was first developed by
P.J. Flory in 1941[26] and was generalized by W.H. Stockmayer in 1944. In Flory-Stockmayer
(F-S) theory , statistical method has been used in prediction of gel point. Gel point is defined
as the point that infinite network is formed; thereafter polymer is no longer soluble in solvent.
Two assumptions have been made in F-S theory. First, all functionalities have the same activ-
ity. Second, no intramolecular reaction occurs. Equation 2.1 describes the forming of gelation
as the weight average number of crosslink unit per primary chain (ν) reaches unity.
νc = pcρ(DPw − 1) = 1 (2.1)
where, ρ is fraction of double bonds in crosslinker to the whole double bonds in system,
14
DPc is weight average of degree of polymerization, and pc is the critical extent of reaction. pc
can be further written as Equation 2.2.
pc =
1
ρ(DPw − 1) (2.2)
where when DPw  1, DPw − 1 ≈ DPw.
As defined, ρ can be written as Equation 2.3.
ρ =
f [X]0
[M ]0 + f [X]0
(2.3)
where f is the functionality number of crosslinker. [X]0 is the initial crosslinker concentration
and [M ]0 is the initial monomer concentration.
DPn =
([M ]0 + f [X]0)
[PC]t
p (2.4)
where DPn = DPw · (PDI), [PC]t is concentration of primary chain in system at time t.
Therefore, combining Equation 2.2,2.3 and 2.4, a generalized equation that predicts pc can
be written as below in Equation 2.5
pc =
√
[PC]t
f [X]0
1
PDI
(2.5)
Therefore, critical extent of reaction can be predicted using Equation 2.5 derived from F-S
theory.
Linear viscoelastic response Linear viscoelastic responses can be described using model
of Hookean solid and Newtonian liquid. Hooke’s law is used to describe solid,
σ = Gˆγ (2.6)
Newton law is used to describe liquid,
σ = ηγ˙ (2.7)
where σ - shear stress, Gˆ - shear modulus, γ- shear strain, γ˙- shear rate, η-viscosity
Stress relaxation model At time t = 0, a strain γ0 is applied and held indefinitely. The
stress relaxation experiment observes the stress as a function of time. Maxwell element well
explains stress relaxation model.
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Figure 2.8: Illustration of Maxwell element with a spring and a dashpot in series.
Total strain includes one part from spring and one from dashpot:
γ = γspring + γdashpot (2.8)
Strain is not changed with time:
dγ
dt
= 0 = γ˙spring + γ˙dashpot (2.9)
Combined Equation2.6,2.7and 2.9:
d
dt
σ(t)
Gˆ
+
σ(t)
ηˆ
= 0 (2.10)
Relaxation time is defined:
τ ≡ η
Gˆ
(2.11)
And Equation can be written as:
σ˙ +
1
τ
σ = 0 (2.12)
Solve the first order differential equation for σ(t). Combined with Equation 2.6:
σ(t) = σ0exp(−t/τ) (2.13)
G(t) =
σ(t)
γ0
= Gˆexp(−t/τ) (2.14)
Dynamic response Common experiment method utilize a sinusoidally time-dependence
strain onto samples and record the stress:
γ(t) = γ0ω cosωt (2.15)
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After calculation, moduli can be separated into elastic (storage) modulus and viscous (loss)
modulus:
σ(t)
γ0
=Gˆ
ω2τ2
1 + ω2τ2
sinωt+ Gˆ
ωτ
1 + ω2τ2
cosωt
=G′ sinωt+G′′ cosωt
(2.16)
Rouse Model Rouse model was developed based on Bead-Spring Model (SBM), which
describes polymer’s viscoelasticity in a microscopic scale using beads and springs. In BSM
model, a linear chain containing N springs connecting N+1 beads has been modeled as shown
in Figure 2.9.
Figure 2.9: Sketch of BSM with N+1 beads and N springs. Vector showing 5-units spring is
shown here.
According to the beads and springs, relaxation time depends on the distance between two
beans. Therefore, a vector connecting two beads has been introduced as also shown in Figure
2.9. The distance between any two beads can be described via spring unit p, p ∈ [1, N ]. Longer
spring unit leads to longer relaxation. It is clear that τ1 > τ2 > ... > τN .
Based on BSM, Rouse model further induced diffusion in bead-spring system. τp can be
described using a diffusion constant Dint as followed:
τp = (
N
p
b)2(
1
2Dint
) = (
N
p
)2τseg =
ζb2
6kT
N2
pi2p2
(2.17)
where τp ∼ τseg. τseg is the associated elementary time. Accordingly, the longest relaxation
time τ1 is N2τseg and pth relaxation time can therefore be τ1/p2.
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According to Equation 2.14 fromMaxwell model, stress relaxation modulus can be written
as below:
G(t) =
N∑
p=1
Gpexp(−t/τp) (2.18)
where Gp = cRTM .
Applying oscillatory shear to Equation 2.18, dynamic storage modulus and loss modulus
can be obtained as below.
G′ =
RT
M
N∑
p=1
(ωτp)
2
1 + (ωτp)2
(2.19)
G′′ =
RT
M
N∑
p=1
ωτp
1 + (ωτp)2
(2.20)
A plot of G′ and G′′ vs ω using a N = 1000 and N = 10 bead chain is shown below in
Figure 2.10. For both sets of curves, where G′′ > G′, slop of G′ equals 2 and slope of G′′ 1
at low frequency region, known as terminal region. For N = 1000 curves, an intermediate
scaling regime can be recognized as slope of both G′ and G′′ reaches approximately 1/2.
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Figure 2.10: Reduced dynamic moduli obtained from Rouse Model. N = 1000 (up, vertical
shift applied) & N = 10 (down). G’: solid line; G": dashed line; Scaling behavior (G′ ' G′′ ∼
ω0.5)
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ZimmModel Zimmmodel is developed by incorporating hydrodynamic interactions into
Rouse model and therefore, has a shorter relaxation time. In Zimmmodel, τ1 can be proposed
according to Stokes-Einstein-Debye equation.
τ1 ∼
R3gηs
kT
∼ M
3νηs
kT
∼ N3ν b
3ηs
kT
∼ N3ντseg (2.21)
where ηs = ζb and τseg = ζb
2
6pi2kT
.
Then τp can be written as:
τp ∼ (N
p
)3ντseg (2.22)
Therefore, dynamic moduli can be written as followed:
G′ =
RT
M
N∑
p=1
(ωτ1)
2(p−3ν)2
1 + (ωτ1)2(p−3ν)2
(2.23)
G′′ =
RT
M
N∑
p=1
ωτ1(p
−3ν)
1 + (ωτ1)2(p−3ν)2
(2.24)
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Figure 2.11: Reduced dynamic moduli obtained from Rouse Model. N = 1000 (up, vertical
shift applied) & N = 10 (down). G’: solid line; G": dashed line; Scaling behavior (G′ ' G′′ ∼
ω0.67)
Similar scaling behavior at larger beads number can be observed in Zimm model.
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CHAPTER 3. THERMOPLASTIC ELASTOMER FROM VEGETABLE OILS VIA
REVERSIBLE ADDITION-FRAGMENTATION CHAIN TRANSFER
POLYMERIZATION
Reproduced with permission from Hernandez, Nacu; Yan, Mengguo;Cochran, E. ACS
Symposium Series, 2015, Chapter 12, 183 ∼ 199. 2015 American Chemical Society Society.
3.1 Abstract
We present the controlled radical polymerization of vegetable oils, e.g. soybean oil, with
styrene into thermoplastic elastomers(TPEs). We have discovered that under certain reac-
tion conditions controlled radical polymerization, such as RAFT, limits the number of ini-
tiation sites and drastically reduces the rate of chain transfers and termination reactions.
This discovery introduces the capability of producing customized chain architectures such
as block copolymers (BCPs) from vegetable oils. Here we report the synthesis of poly(styrene-
b-AESO-b-styrene) (PS-PAESO-PS) triblock copolymers with properties similar to petroleum
based thermoplastic elastomers.
3.2 Introduction
Over the past several decades, vegetable oils have been considered a cost competitive and
environmentally friendly alternative to petroleum-based chemicals, especially in the poly-
mer industry. They are composed of triglycerides (triglycerides are composed of a glycerol
molecule and three fatty acids (FA); a list of common FA can be found in Table 1), as shown
below in Figure 3.1, and possess an average of 3.6 double bonds. These double bonds provide
multiple opportunities for monomer modification and polymerization.
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Figure 3.1: Structure of a triglyceride molecule present in vegetable oils.
Unmodified vegetable oils (e.g. soybean oil, peanut oil, sunflower oil and canola oil) con-
tain mostly isolated double bonds with low reactivities making them unsuitable for polymer-
ization. However, higher reactivities can be found in vegetable oils such as tung oil or bitter
gourd seed oil which contain naturally occurring conjugated double bonds, where thermal or
cationic polymerization can be used[27, 28].
In order to more efficiently utilize vegetable oils active sites, double bond modification
has been used as a way of creating monomers capable of producing polymers through differ-
ent polymerization techniques. For example: Larock et al. made use of a rhodium-catalyzed
isomerization process to increase the reaction activity of vegetable oils. They were able to pro-
duce a vegetable oil with conjugated double bonds that subsequently was synthesized into
thermosetting polymers via cationic polymerization[10, 29]. Moreover, in the early 1990s, J. V.
Crivello et al. reported the polymerization of epoxidized soybean oil via cationic polymerization[30].
Epoxidized vegetable oils have been utilized, more recently, in the production of epoxy resins
by curing them with diamine hardeners[31]or by using a thermal catalyst[32]. Once epoxi-
dized, vegetable oils can also be used in the production of polyols using ring opening agents,
such asmethanol or othermono-alcohols, with fluoroboric acid (HBF4) as a catalyst[33]. LiAlH4
was also reported as a catalyst capable of converting epoxidized triglycerides into polyols[34].
Additionally, Zhang et al. developed a solvent and catalyst-free route to synthesize polyols
from castor oil and polyurethanes therefrom[35].
A number of interesting modifications on vegetable oils have also been used: a com-
bination of ozonolysis and hydrogenation,[36]hydroformylation and hydrogenation using a
rhodium catalyst,[37]oxidation and reduction, epoxidation and acrylation, Friedel-Craft acylation,[38]
amongst others[39].
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The acrylation of vegetable oils was first used in the late 1960s[40], making them quite sus-
ceptible to chain growth polymerization. Wool et al. employed acrylated epoxidized soybean
oil as monomers in the polymerization of a variety of thermoset materials, including sheet
molding composites,[41]adhesives, elastomeric materials, coatings, foams, etc[42, 43, 44, 45,
17, 46, 47].
Table 3.1: Summary reaction condition and kinetic results
Fatty Acid Fomular Structure Occurance
Oleic C18H34O2
olive oil, pecan oil, canola oil,
peanut oil, macadamia nut oil, sesame oil
Linoleic C18H32O2
saﬄower oil, sunflower oil,
soybean oil, cottonseed oil
α-Linolenic C18H30O2
linseed oil and
in lower levels in many other seed oils
α-Eleostearic C18H30O2
tung oil, bitter gourd seed oil
Ricinoleic C18H34O3
castor oil
Stearic C18H36O2
plant fats
Currently there are numerous examples of vegetable oil modification combined with ther-
mal, cationic or free radical polymerization routes that have yielded thermoset plastics. Un-
controlled chain branching and crosslinking is inevitable using these conventional polymer-
ization routes due to the multifunctional nature of triglycerides. These shortcomings have
been circumvented by the use of single fatty acids instead of the triglycerides. Wang et al.
used lauryl acrylate derived from vegetable oils as soft block in the production of TPEs [48].
Maiti et al. reported the incorporation of homopolymers with fatty acid pendants to block
copolymers via Reversible Addition Fragmentation Chain Transfer polymerization (RAFT).
These monomers displayed crystalline behavior dependent on the size of the fatty acids [49].
Nonetheless, there is an absence in the literature regarding controlled radical polymeriza-
tion strategies, such as RAFT, applied to triglycerides or to any other bulk multifunctional
monomer.
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3.3 Thermoplastic elastomers
Thermoplastic elastomers (TPEs) are a class of polymer with elastic properties that are
also able to be processed and recycled as thermoplastics. High strain, weak intermolecular
forces, as well as reversible and immediate responses, are known properties of elastomers[50].
They are composed of an amorphous domain enclosed by crystalline domains, see Figure
3.2. Crystalline domains are the commonly referred as the hard phase and the amorphous
domains as the soft phase.
Figure 3.2: Representation of a typical styrenic block copolymer thermoplastic elastomer. The
crystalline domains are colored in red while the amorphous domain is colored in blue.
There are six main TPE classes found commercially:
• styrenic block copolymers
• polyolefin blends
• elastomeric alloys
• thermoplastic polyurethanes
• thermoplastic copolyesters
• thermoplastic polyamides
This contribution presents the use of acrylated epoxidized soybean oil (AESO) (with different
degrees of acrylation) as a renewable substitute of the soft phase in the production of tunable
branched, see Figure 3.3, styrenic based TPEs,e.g. styrene-butadiene-styrene (SBS), via RAFT
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Figure 3.3: Representation of the differentAESO derived styrenic block copolymers according
to their degree of acrylation (functionality).
3.4 RAFT polymerization
Due to controllled/living free radical polymerization (CFRP), high molecular weight hy-
perbranched polymers can be obtained without gelation[3]. CFRP techniques such as atom
transfer radical polymerization (ATRP)[17] and RAFT[48] have been recently used in the cre-
ation of styrene-based thermoplastic elastomers from vegetable oils. Glass transition temper-
atures (Tg) have been shown to range from as low as -40 ◦C to as high as 25◦C. Compared to
ATRP, which requires the use of metal catalyst [Cu(I)/Cu(II)] and initiators, RAFT can bemore
environmental friendly as it only requires the use of an organic chain transfer agents to control
polymerization. RAFT polymerization follows the same initiation and radical-radical termi-
nation mechanism as conventional free radical polymerization (FRP). Unlike the extremely
short propagation process in FRP (usually lasting only from 5 to 10 seconds before individual
chains get terminated) RAFT process can effectively prevent living radicals from being termi-
nated. Living radicals can be captured by the chain transfer agent and turned into dormant
species. Subsequently, the rapid equilibrium between living radicals and dormant species en-
ables polymer chains to have an equal chance to grow and survive the entire polymerization,
see Figure 3.4.
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Figure 3.4: Main mechanism of RAFT polymerization[1, 2].
In 1998, RAFT was developed in Australia by G. Moad, E. Rizzardo and S. H. Tang from
the Commonwealth Scientific and Industrial Research Organisation[1, 2]. Numbers of dif-
ferent architectural polymers have since been synthesized, including block copolymers, star
polymers, dendritic polymers, hyperbranched polymers, etc.[51].
3.5 Experimental section
3.5.1 Materials
Epoxidized soybean oil (ESO) (Archer Daniels Midland) was received and used without
further purification. Soybean oil, epoxidized acrylate (Sigma-Aldrich) was purified by passing
through a column packed with inhibitor remover and silica gel. 2,2-azobis(isobutyronitrile)
(AIBN, 98% Sigma-Aldrich) was recrystallized in ethanol prior to use. 1,4-Dioxane (Reagent
grade, Fisher), diethyl ether, acrylic acid, hydroquinone, toluene, and pyridine (99%) were
used without further purification. Ethyl 2-(ethoxycarbonothioylthio) -2-methylpropanoate
(ETMP) was synthesized following method from Bergman et al[19].
25
3.5.2 Synthesis
Acrylated Epoxidized Soybean Oil
20 grams of ESO, 9.94 grams of acrylic acid, and 3.8 grams of toluene were added into a 200
mL flask. 0.38 grams of pyridine and 1.40 grams of hydroquinone were added as catalyst and
inhibitor, respectively. The reaction was carried out for 14 hours at 95 ◦C. Once the reaction
reached room temperature, excess sodium bicarbonate was added to neutralize the system.
Ethyl ether was added at a volume ratio of 1:1 ESO to ethyl ether. The product was then
passed through a silica gel column, followed by rotary evaporation to remove excess solvent
and dried on vacuum oven over night.
Chain Transfer Agent Synthesis
The procedure below is analogous to the method described by Bergman et al [18]. Potassium
hydroxide (0.05 mol) was stirred in ethanol (20 mL) at room temperature until completely
dissolved. Carbon disulfide (10 mL) was then added over 90 minutes, and the solution was
allowed to stir for five hours. Ethyl α-bromoisobutyrate (14.8 mL) was added dropwise and
the solution was stirred for 12 hours before the mixture was filtered and the solvent was re-
moved by evaporation. The resulting yellow liquid was diluted with diethyl ether and passed
through a chromatography column packed with basic alumina several times. Diethyl ether
was removed by rotary evaporation and further dried using a vacuum oven overnight.1H-
NMR (600 MHz): δ1.27 (t, 3H, CH3CH2), δ1.39 (t, 3H, CH3CH2), δ1.61 (s, 6H, CH3C), δ4.17
(m, 2H, CH2CH3), δ4.59 (m, 2H, CH2CH3).
RAFT polymerization of Polystyrene macro-CTA
Styrene, chain transfer agent (ETMP), AIBN and 1,4-dioxane were added into a round bottom
flask. After the mixture was fully dissolved, argon was used to purge the solution for 20 min.
The reaction was carried out at 90◦C for 4 hours.
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RAFT polymerization of poly(styrene-b-AESO)
For the synthesis of poly(styrene-b-AESO), AESOwas dissolved in dioxane and transferred to
the reaction vessel containing the styrene homopolymer and was allowed to react for 6 hours
at 70rˇC before the reaction was cooled down and precipitated three times in excess methanol
and water. The product was stirred in a 2:1 ratio by volume of methanol to ethanol solution
to remove unreacted AESO monomer. The product was vacuum dried for 24 hours, at room
temperature, see Figure 3.5.
Figure 3.5: Representation of the RAFT polymerization process to synthesize styrene-soybean
oil based thermoplastic diblock and triblock copolymers
RAFT polymerization of poly(styrene-b-AESO-b-styrene)
For the synthesis of poly(styrene-b-AESO-b-styrene), the diblockwas redissolved in 1,6-dioxane.
Styrene and AIBN were also added. The reaction vessel was bubbled with Argon for 1 hour
and the reaction proceeded for 2 hours at 70◦C. The final product was precipitated three times
in excess methanol and water. The product was filtered and vacuum dried at room tempera-
ture for 24 hours, see Figure 3.6.
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Figure 3.6: Image of a poly(styrene-b-AESO-styrene) triblock copolymer
3.6 Results and discussion
The use of RAFT polymerization has successfully produced vegetable oil based block
copolymers with thermoplastic and elastic properties. This result is surprising since each
polytriglyceride repeat unit has the potential to crosslink with at least one other polytriglyc-
eride. When approximately a fraction of 1/N of such units have crosslinked (N denotes the
average degree of polymerization), the polymers are said to be at their gel point at which
an infinite polymer network has formed[3]. Moreover, due to the multiple reaction sites of
AESO, polymerizations tend to have larger polydispersity due to the different polymer chains
growing at same time, see Figure 3.7.
We have discovered, however, that under the appropriate polymerization conditions (tem-
peratures, solvent/monomer concentration, chain transfer agent (CTA)/Initiator) RAFT can
sufficiently limit the polymerization of triglycerides so that they terminate at a desired molec-
ular weight and block composition. Table 2 provides examples of four different poly(AESO)
reaction conditions, with their corresponding monomer, initiator (AIBN) and CTA concentra-
tion, along with their reaction rate constant (ka) and gelation time.
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Figure 3.7: Typical size exclusion chromatography (SEC) trace of PAESO showing the multi-
modal nature of triglycerides growing at different rates.
Table 3.2: Gelation time, rate constant and reaction conditions.
Reaction
[Monomer]
× 104 /(mol/L)
[AIBN]
× 107 /(mol/L)
[CTA]
× 107 /(mol/L)
ka / min−1 Gelation time
2 1.51 3.62 7.25 0.0116 58min
4 1.26 3.02 6.05 0.0095 –
1 1.51 1.45 7.25 0.0066 85min
3 1.26 1.21 6.05 0.0058 –
The reaction rate constant was calculated by taking aliquots and tracking the double bonds
conversion of the product (using 1H-NMR) over the reaction time, see Figure 3.8, where the
([C=C]0/ [C=C])presents the double bond conversion.
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Figure 3.8: Graph showing conversion vs time of four different RAFT polymerizations of
AESO.
To produce diblock and triblock copolymers, styrene was first polymerized to create the
polystyrene macro-CTA to be used in the subsequent block copolymer synthesis. Its change
in molecular weight (Mn) was tracked over time, see Figure 3.9 (A).
Figure 3.9: (A) Graph showing the molecular weight (number average) increase of the styrene
homopolymer as a function of time. (B) Graph showing the molecular weight increase of the
diblock as a function of time[3]
.
Poly(styrene-b-AESO) was then synthesized and its Mn was monitored as a function of
time, see Figure 3.9 (B). Molecular weights and molecular weight distributions were deter-
mined via Size Exclusion Chromatography (SEC) with respect to polystyrene standards using
HPLC chloroform as the solvent and aWaters 2414 refractive index detector. After the addition
of the final styrene block, the final product poly(styrene-b-AESO-b-styrene) (Figure 3.6) was
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subject to different characterization techniques. NMR was used to calculate the percentage of
polystyrene in the product, see Figure 3.10, indicating a 22.4% styrene content. 1H-NMR spec-
tra were determined on a Varian VXR-300 spectrometer using deuterated chloroform (CDCl3)
as the solvent.
Figure 3.10: Graph showing the 1H-NMR spectra of the poly(styrene-b-AESO-b-styrene) tri-
block, where the dashed rectangle shows the polystyrene location.
Differential scanning calorimetry (DSC), see Figure 3.11, showed the glass transition (Tg)
for the PAESO at -10◦C, however no visible Tg can be seen for the styrene. DSC experiments
were conducted on a TA-Instruments Q2000 Differential Scanning Calorimeter equipped with
liquid nitrogen cooling system (LNCS). Three consecutive heating and cooling cycles where
done for each sample (-100◦C to 150◦C) using standard aluminum pans and a heating/cooling
rate of 10◦C/min. Dynamic shear rheology measurements were performed in a ARES Strain
Control Dynamic Shear Rheometer equipped with a convection oven. The sample was tested
in a parallel plate geometry using a frequency/ temperature dynamic sweep test ( 80 -40◦C
and 1 100 rad/s) at a temperature decrement of 10◦C and a strain of 2.5% (within the linear vis-
coelastic regime). Figure 3.12 shows the master curve of the poly(styrene-b-AESO-b-styrene)
triblock copolymer at a reference temperature of Tref = 80◦C, showing liquid like behavior at
high temperature/low frequency (G′ ∝ ω2), a rubbery plateau with modulus of ≈ 6.4 GPa,
typical of a rubbery entangled thermoplastic, no glassy regime was observed at lower tem-
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peratures. As is evident from the master curve, the material follows the time temperature
superposition principle, and the linear regression of the shift factors to the Williams-Landel-
Ferry (WLF) model yields C1=4.4 and C2=95.2◦C with a correlation coefficient of R2 =0.998.
Figure 3.11: DSC plot of the poly(styrene-b-AESO-b-styrene) sample. The graph shows a Tg at
-10◦C for the PAESO, no Tg was detected for the PS.
Real-space images of BCPs were collected with a Tecnai G2 F20 scanning/transmission
electron microscope at a high tension voltage of 200 kV sections were stained with Osmium
tetraoxide (OsO4) before imaging. Real-space images of the poly(styrene-b-AESO-b-styrene)
triblock copolymer reveal a semi-periodic microstructure having black colored styrene islands
surrounded by the lighter AESO regions, see Figure 3.13. The ability of these polymers to mi-
crophase separate demonstrates that there is a strong incompatibility between the two blocks,
hence the formation of a rich AESO and styrene microdomains[3].
Applications
Block copolymers containing styrene and butadiene, particularly the Kratonr SBS family
of polymers have been used in a wide range of applications: from pressure sensitive adhe-
sives, to tires, packaging materials, footwear, and as an asphalt modifier. Asphalt modifi-
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Figure 3.12: Master curve of poly(styrene-b-AESO-b-styrene) with Tref =80◦C, with shift fac-
tors provided in the inset. The shift factors fit the WLF model well (r2 = 0.998), with C1 = 4.4
and C2 = 95.2◦C.
Figure 3.13: TEM image of the poly(styrene-b-AESO-b-styrene) triblock copolymer, image
shows a percolation morphology of black islands (polystyrene) surrounded by lighter regions
(poly(AESO)). Reproduced by permission of The Royal Society of Chemistry[3].
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cation with SBS type TPEs is known to substantially improve the physical and mechanical
properties of asphalt paving mixtures. TPEs increase asphalt elasticity at high temperatures,
as a result of an increased storage modulus and a decreased phase angle, improving rutting
resistance. In addition, they increase the complex modulus but lower the creep stiffness at low
temperatures, improving cracking resistance[17].
For the past few years the price of butadiene, the principal component of SBS polymers,
has increased dramatically and experienced a fair amount of variability. Moreover, with the
accelerated growth in the developing markets and their need to construct roadway infrastruc-
ture, asphalt will face an increasing demand in the next decade. Thus the need for new types
of cost effective, environment-friendly, polymers that can be used as replacements for the SBS
type polymers in asphalt modification[17]. This scenario creates an excellent opportunity to
use poly(AESO) based polymers as asphalt modifiers in a market very forgiving in terms of
material properties.
Asphalt modification tests were performed by the Civil Engineering Department at Iowa
State University, led by Dr. Chris Williams. Initial tests were conducted on asphalt mod-
ified with two distinct poly(styrene-b-AESO-b-styrene) (refered to as Biopolymer 2012 and
2013) triblock copolymers and compared to unmodified asphalt (Flint Hills 46-34) and to as-
phalt modified with two commercially available SBS polymers: Kratonr D1101 and Kratonr
D1118. Polymers were blended at a 3% weight with asphalt (with exception with biopolymer
2013 that was mixed at at 2% weight) in a shear mixer at 180◦C for 2 hours and subsequently
isochronally tested at 10 rad/s in a dynamic shear rheometer. This test is used to measure
the elastic properties of the asphalt at different temperatures and to find the upper working
temperatures, that can be found when the complex shear modulus crosses 1.1 kPa. Rheolog-
ical testing results of the asphalt-polymer blends show the poly(styrene-b-AESO-b-styrene)
triblock copolymers improve the complex shear modulus of the asphalt to a greater extent
than the commercially available SBS polymers(failing temperature: 58◦C and 72◦C vs 55◦C) ,
see Figure 3.14.
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Figure 3.14: Graph shows the complex modulus (G*) versus temperature of four polymer
modified asphalts and the neat asphalt. The gray section represents industry’s failure temper-
ature. The higher the failing temperature the better the grade of the asphalt. Reproduced by
permission of The Royal Society of Chemistry[3]
3.7 Conclusion
Advances in polymerization technology and in the understanding of renewable resources,
i.e. vegetable oils, has led to the synthesis of soybean oil derived thermoplastic elastomers.
SBS-like triblock copolymerswere synthesizedwith styrene and acrylated epoxidized soybean
oil, replacing the petroleum based butadiene. We found that RAFT polymerization allows the
construction of macromolecules with precisely defined degrees of polymerization and gives
the ability to form complex molecular architectures such as block copolymers. These findings
contrast the past two decades of research that yielded highly crosslinked materials through
free radical polymerization and cationic polymerization of vegetable oils.
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New applications for the biopolymers, see Figure3.15, and improvements to the current
polymerization techniques are now being investigated and will be reported in future commu-
nications.
Figure 3.15: Possible applications for the use of vegetable oil based TPEs[4]
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CHAPTER 4. GEL POINT SUPPRESSION IN RAFT POLYMERIZATION OF
PURE ACRYLIC CROSSLINKER DERIVED FROM SOYBEAN OIL
Reproduced with permission from Mengguo Yan; Yuerui Huang; Mingjia Lu; Fang-yi Lin;
Nacu Hernandez; Eric W. Cochran, Submitted to Biomacromolecules
4.1 Abstract
In this chapter, polymerization kinetics and gel point of PAESOwith different reaction con-
ditions have been studied. Acrylated epoxidized soybean oil (AESO)—a crosslinkermolecule—
has been polymerized to high conversion (> 50%) and molecular weight (> 100 kDa) without
macrogelation. Gelation is suppressed in this system far beyond the expectations predicated
both on Flory-Stockmeyer theory and others. Additionally, factors that affect gel points have
been discussed, including AESO and initiator concentrations. It is believed that gel point is
affected by the competition between inter- and intra- molecular reactions, yielding a trade-
off between the degree of intramolecular linkages and conversion at gel point. Furthermore,
Mark-Houwink plot has been applied to trace the chain architecture differences among sam-
ples synthesized in various conditions.
4.2 Introduction
Recently bio-based polymers, i.e., those produced from “green”/renewable sources, have
caught the public’s attention as a means to decrease the dependence on petroleum-based
chemicals[3, 9]. Vegetable oils, mainly composed of triglycerides, have been considered as
one of the most promising candidates in the polymer industry as monomers[12, 52]. Triglyc-
erides naturally have multiple unsaturated bonds; this intrinsic multifuctionality enables a
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number of different chemical modifications and reactions that yield thermosetting plastics,
e.g., polyesters, polyurethanes, and polyamides[53, 34, 35, 54]. Thermoplastics produced from
these feedstocks have been elusive, however, for the very reason that thermosets are so preva-
lent: triglycerides are polymerized either directly from their multiple native double bonds or
from chemical derivatives thereof, e.g. epoxides, acrylates, or alcohols. The multifunctional
nature of the triglyceride precludes the construction of linear chains and instead favors highly
interconnected molecular networks.
A number of studies are available that treat hyperbranched systems produced by RAFT
polymerization, mainly variants of vinyl/di-vinyl copolymerization andmulti-vinyl homopoly-
merization [55, 56, 57]. Specific systems that have been studied both experimentally and com-
putationally include: styrene/divinylbenzene[58, 59, 60, 61, 57], methacrylate/dimethacryl-
ate[62, 63, 64, 65, 66, 67] and acrylate/diacrylate systems[67, 68, 69, 70]. These examples all
feature symmetric divinyl crosslinkers with identical double bond reactivity. Alternatively,
asymmetric crosslinkers with imbalanced alkene reactivity have also been used to produce hy-
perbranched polymers[71, 72, 73]. However, the use of a multifunctional crosslinker to intro-
duce branching inevitably yields the formation of a pervading infinite network of crosslinks,
a process known as macrogelation; accordingly, the “gel point” is defined as the moment that
this infinite network first forms. Thereafter macromolecules cannot be dissolved in solvent
nor can they be melt-processed; these limitations prevent them from application as thermo-
plastics. Thus the conversion at gel point— Xc,gel ≡ 1 − [=][=]0 , where [=] represents the vinyl
concentration—places an upper bound on the yield for thermoplastic production; if Xc,gel is
not large enough, the economics of commercial production of the material will be unfavor-
able. According to the gelation theory developed by P.J. Flory[74] and W. H. Stockmayer[43],
only very low extents of polymerization can be achieved before gel point. In other words, the
gel point should occur at the early stages of polymerization, Xc,gel  1. However, previous
studies have shown that the gel point can be largely delayed by applying RAFT polymer-
ization chemistry[63, 65, 75]. It is believed that the retardation of gelation is due to the fast
initiation process and slow apparent propagation rate as the result of the RAFT equilibrium
process. Additionally, macroscopic gelation mostly occurs due to intermolecular crosslinking
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reactions, and can be delayed or even eliminated by substituting intramolecular reactions such
as cyclic loops that form within the molecule without an attendant change in mass[64, 76].
Various studies have investigated parameters that may affect gelation through changing
the primary chain length or the level of inter- vs. intra- molecular reactions. The parameters
include the monomer concentration [M ] ≡ [M1] + [Mx], where [M1] denotes the concentra-
tion of monofunctional monomer and [Mx] that of a crosslinker species with more than one
polymerizable vinyl group; the amount of chain transfer agent (CTA), expressed as the molar
monomer to CTA ratio ( [M ]0[CTA] ); the amount of crosslinker ([Mx]), which can be expressed as
the ratio of overall vinyl group concentration ([=]) to total monomer concentration ( [=][M1]+[Mx] );
and the chemical structure of the CTA and crosslinker.
Generally, increasing the number of primary chains—in other words, decreasing the chain
length—delays gelation. Therefore, a very low molar monomer to CTA ratio ( [M ]0[CTA] < 100)
has been used in most studies, corresponding to polymer molecular weights 2–10 kDa, far
below the molecular weight ranges of most commercial products [77, 70, 78, 65, 79, 62, 80, 81,
57]. Monomer concentration has been shown to alter the level of inter- vs. intra- molecular
reactions, resulting in different gel points [79, 69].
Unsurprisingly, the amount of crosslinker in system also has a strong influence on gelation.
Vo et al. found that doubling the crosslinker amount in an acrylic/diacrylic system resulted
in materials ranging from soluble hyperbranched polymer to gel [70]. Similar results can be
found in many other articles[77, 82, 62]; most work in this area employs a combination of
limited chain length (50–100 target repeat units) with low crosslinker content ( [=][M1]+[Mx] < 1.1)
to avoid gelation.
The relative reactivity of the polymerizable sites on the crosslinker can also be used to in-
fluence the gelation process. A number of studies have investigated this effect by using an
asymmetric divinyl monomer that serves the dual roles of monomer and crosslinker. By op-
timizing the reactivity of the two vinyl moieties in the crosslinker through molecular design,
gelation can be suppressed and high conversion and yield can be achieved in this fashion[71,
72, 73]. This approach is conceptually very
similar to decreasing the [=][M1]+[Mx] value, albeit using a synthetically more challenging (and
39
costly) crosslinker/monomer hybrid in lieu of distinct chemical species for each role.
The crosslinker and CTAmolecular architectures will influence gelation primarily through
their different effects on inter- vs. intra- molecular crosslinking[78, 69, 73]. Zhu et al. [78]
pointed out that crosslinker with shorter intervinyl spacers yielded a higher crosslinking den-
sity, a higher glass transition temperature and a higher degree of structural heterogeneity.
Mori et al.[69] found that the length of crosslinker spacer also affects the polymerization rate
and balance of intra- vs. inter- molecular reactions.
Based on the abundance of literature in the area, it would be reasonable to speculate that
multiply acrylated triglycerides such as acrylated epoxidized soybean oil (AESO) should serve
only as a branching agent in a hyperbranched polymer synthesis dominated by monofunc-
tional monomer. However, in 2012 our group discovered that thermoplastic hyperbranched
polymers from pure AESO[17, 4] could be produced at high yield using controlled radical
polymerization (CRP) chemistries. The precise composition and functionality of AESO de-
pends on the soybean oil cultivar, extent of epoxidation, and extent of acrylation. In this arti-
cle, AESO contains 2.6 acrylate groups per triglyceride and is produced from fully epoxidized
commodity soybean oil with less than 10% residual original olefin (50% linoleic acid, 24% oleic
acid, 7% linolenic acid, an average unsaturation of 4.6). When copolymerized with styrene to
form styrenic block copolymers, the produced thermoplastic elastomers have shown commer-
cializable results in asphalt modification[9]. In this workwe seek to understandwhy the RAFT
polymerization of AESO, a multivinyl crosslinking species, deviates so strongly from the be-
havior of the relatedmultivinyl systems discussed above. We develop a deeper understanding
on the growth of branches and process of gelation from AESO, which will broaden its appli-
cation as a hyperbranched thermoplastic. In the context of the overview given above, AESO
differentiates itself from the systems commonly studied for hyperbranching and gelation to
date in a few notable ways. Firstly, AESO has an average number of 2.6 functional group per
molecule, 30% higher than the commonly studied divinyl crosslinkers. We polymerize AESO
without comonomer, so [M1] = 0 and
[=]
[M1]+[Mx]
= [=][Mx] = 2.6. Thus intuitively, AESO should
have an extreme tendency to crosslink. That is, onewould expectXc,gel  1%, even perhaps in
light of the known tendency of RAFT to suppress gelation well beyond the Flory-Stockmayer
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(a) Poly(ethylene glycol) diacrylates
(b) Acrylated epoxidized soybean oil (AESO)
Figure 4.1: Structural comparison between (a) divinyl crosslinker PEGD (where n is the spacer
length, typically 3–7 carbons) and (b) AESO, showing the difference of the vinyl locations.
Locations of acrylate groups in AESO depend on the unsaturation positions of fatty acids in
between C9 and C16. Therefore, the vinyl groups located at the opposing ends of the PEGD
molecule feature lower steric hindrance compared to AESO (b).
regime. This is primarily because the studies demonstrating gel-point suppression would be
expected to have a comparatively lesser tendency to crosslink as per the dramatically lower
[=]
[M1]+[Mx]
and [M0][CTA] values. Another peculiarity of AESO as a RAFT monomer is its high
molecular weight, M0 = 1200 Da. In addition, unlike divinyl crosslinkers whose reactive
sites are located at opposing ends of linear spacers, AESO’s double bonds are situated in the
middle of each fatty acid chain. A structural comparison between conventional crosslinker
poly(ethylene glycol) diacrylates (PEGD) as an example and AESO is shown in Figure 4.1.
In order to obtain commercializable products with enough mechanical strength, we target
polymers with high molecular weight (250 kDa), [M ]0[CTA] = 208, significantly higher than the ar-
ticles mentioned above. Monomer concentration effects on kinetics and gelation suppression
have been considered, with [M ] ranging in 0.108–0.380 mol/L. We observed macrogelation
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at times from less than tx = 10 min to tx > 480 min, and Xc,gel ranging from less than 10%
to more than 50%. Moreover, the role of [M ] on polymer architecture has been investigated.
Through selection of different reaction conditions, we show that the chain architecture can be
tuned from flexible hyperbranches to stiff nanogel-like structures. Gel permeation chromatog-
raphy (GPC) equipped with triple-detector and nuclear magnetic resonance (NMR) were used
in reaction kinetics calculation and structural determination.
4.3 Experimental section
4.3.1 Materials
Soybean oil, epoxidized acrylate (AESO, contains 4,000 ppm MEHQ as inhibitor, Sigma-
Aldrich) was purified immediately before use by passing through a column packed with in-
hibitor remover and silica gel. This AESO contains 2.6 acrylate groups per triglyceride and is
produced from fully epoxidized commodity soybean oil (50% linoleic acid, 24% oleic acid, 7%
linolenic acid) with an average unsaturation of 4.6. Azobisisobutyronitrile (AIBN, 98% Sigma-
Aldrich) was recrystallized following standard procedure before further use. 1,4-dioxane
(reagent grade, Fisher Scientific), hydroquinone (quinol crystalline powder, 99%, Fisher Sci-
entific), potassium hydroxide (Fisher Scientific), anhydrous ethanol, carbon disulfide (99%,
Sigma-Aldrich) and ethyl α-bromoisobutyrate (98%, Simga-Aldrich) were used as received.
4.3.2 Chain transfer agent synthesis
Ethyl 2-(ethoxycarbonothioylthio)-2-methylpropanoate (ETMP) was synthesized follow-
ing the method reported by Bergman et al.[18, 19]: Potassium hydroxide (50 mmol) was stirred
in ethanol (20 mL) at room temperature until it completely dissolved. Then carbon disulfide
(10 mL) was added over 90 minutes, and the solution was allowed to stir for five hours. Ethyl
α-bromoisobutyrate (14.8 mL) was added dropwise, and the solution was stirred for 12 hours.
The mixture was filtered and solvent was removed by rotary evaporation. The resulting yel-
low liquid was diluted with diethyl ether and twice passed through a chromatography col-
umn packed with basic aluminum oxide. Diethyl ether was removed by rotary evaporation
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and the product was further dried in vacuo for more than 20 hours. ETMP was produced as
light yellow liquid with purity higher than 95% and 30% yield. 1H-NMR (Bruker, AVIII, 600
MHz) in CDCl3 was used to confirm structure and purity: δ 1.28–1.30 ppm (t, 3H, CH3CH2),
δ 1.40–1.42 ppm (t, 3H, CH3CH2), δ 1.61 ppm (s, 6H, CCH3), δ 4.19–4.22 ppm (m, 2H, CH3CH2),
δ 4.60–4.63 ppm (m, 2H, CH3CH2).
4.3.3 Hyperbranched polymer synthesis
To produce high molecular weight polymer, [M ]0[CTA] = 208 was chosen for all reactions, cor-
responding to aMn = XM0
[M ]0
[CTA] = 250 kDa target “ideal” number average molecular weight
at 100% conversion (X = 1). Here the “ideal” Mn represents that which would result if only
1 primary chain resulted from each CTA molecule; as explained below, the crosslinking reac-
tions cause significant deviations from this behavior. Six different monomer to solvent vol-
umetric ratios VsolventVmonomer were selected ranging from 1 to 6, corresponding to [M ] = 0.38 to
[M ] = 0.108. At each monomer concentration, two different initiator levels, as expressed
through its molar ratio with CTA ( [I]CTA = 0.2 and
[I]
CTA = 0.5) were used. Samples are iden-
tified through the solvent and initiator ratios; for example, R605 represents VsolventVmonomer = 6 and
[I]
CTA = 0.5. Different monomer and initiator concentrations were listed in Table 4.1.
Table 4.1: Poly(acrylated epoxidized soybean oil) synthetic conditions.
NO. [AESO]:[CTA]:[AIBN] Vsolvent:Vmonomer
[M ]
/(mol/L)
[I]
×104 / (mol/L)
R102 208:1:0.2 1 0.380 3.64
R105 208:1:0.5 1 0.380 9.11
R202 208:1:0.2 2 0.252 2.42
R205 208:1:0.5 2 0.252 6.05
R302 208:1:0.2 3 0.189 1.81
R305 208:1:0.5 3 0.189 4.53
R402 208:1:0.2 4 0.151 1.45
R405 208:1:0.5 4 0.151 3.62
R502 208:1:0.2 5 0.126 1.21
R505 208:1:0.5 5 0.126 3.01
R602 208:1:0.2 6 0.108 1.03
R605 208:1:0.5 6 0.108 2.58
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Figure 4.2: 1H NMR spectrum for acrylated epoxidized soybean oil (AESO)
4.3.4 Conversion calculation
Proton NMR (Bruker, AVIII, 600 MHz) in CDCl3 was used to obtain the conversion of
double bonds per polymer. As shown in Figure 4.2, the decreasing value of the integral for
the area under peak 1 (I1), 2 (I2) and 3 (I3) (δ 5.5 –6.5 ppm) represents the polymerization of
the acrylate group. The area under peak 7 (δ 0.9 ppm) and 4, 5 (δ 4.1–4.3 ppm) should follow
a 9:4 ratio. Moreover, the average integration area under the peaks 1, 2 and 3 represents the
number of acrylic group per macromolecule. The initial acrylic number of AESO is 2.6. The
double bond conversion calculation as the percentage of decreased number of acrylic group
is X = 1 − I1+I2+I32.6(3) . Similar results (± 5%) can be obtained by tracing the increases of α-
proton on acrylate groups. However, it overlaps with the peak of α-proton on fatty acid, peak
8 (I8). Therefore, it is easier and more straightforward to use the decreasing of acrylic group
to calculate conversion.
4.3.5 Gel permeation chromatography
Molecular weight and PDI were estimated by GPC with an RI detector (Wyatt Technology,
Optilab T-rEX) and a dual detector assembly with light scattering and viscometer (Malvern,
Viscotek 270 Dual Detector). Chloroformwas used as solvent for all samples at room tempera-
ture at the flow rate 1.0 mL/min. A polystyrene standard received fromMalvern Instruments
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Figure 4.3: Multi-detector GPC traces of R402-35k
Ltd with 101 kDa molecular weight and PDI as 1.02 was used as calibration method. Figure
4.3 shows a typical result from multi-detector GPC.
4.4 Results
Hyperbranched poly(AESO)s (PAESOs) were synthesized via different conditions span-
ning a range of monomer and initiator concentrations. ETMP as the CTA was selected in
this study due to its good control of acrylic monomers, studied extensively by J. Bergman et
al [18, 19]. The proper rate of addition-fragmentation of ETMP ensures equal probability of
all chain growth, minimizing the chances of network formation by uncontrolled free radical
polymerization[1]. With poor control from the CTA, on the other hand, a proportion of free
radical polymerization will occur, resulting in heterogeneous network formation [58, 83]. The
resulting hyperbranched polymers controlled by ETMP have a PDI between 1.2 and 1.8. El-
evated temperature was used (90 ◦C) to obtain a fast initiation and propagation rate. Since
reaction time was relatively short (less than 8 h), AIBN’s half-life is well-suited for these stud-
ies. Monomer and initiator concentration effects on polymerization kinetics, gelation and
final product were interpreted via the apparent polymerization rate constant kapp, gel time
tc,gel, critical acrylic group conversion Xc,gel, mass yield Yc,gel, and molecule size (Mn, PDI,
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Mark-Houwink parameter α, and hydrodynamic radius Rh) as listed in Table 4.2. kapp data
have been excluded for R102, R105, R202 and R205 due to the extremely short gel time. Gel
time tc,gel has been determined by the moment reaction solution viscosity undergoes a step in-
crease, which is visually evidenced by the sudden loss of vortex. Xc,gel and Yc,gel values were
measured from aliquots collected 2 minutes prior to tc,gel, except for the most dilute reactions:
R502,R505, R602 and R605. For these four experiments final conversion and mass yields are
reported at the eighth hour of reaction time.
Table 4.2: List of resultant kinetics and gelation information of PAESO synthesized at different
conditions.
NO.
kapp
/min−1
tc,gel
/min
Xc,gel Yc,gel
Mn
/kDa
PDI α
Rh
a
/nm
R102 - 10 11% 5% 43.2 1.1 0.68 5.9
R105 - 7 8% 5% 39.1 1.1 0.69 6.3
R202 - 22 18% 10% 52.3 1.5 0.65 7.5
R205 - 20 20% 14% 60.8 1.5 0.64 8.4
R302 0.0075 34 24% 18% 85.9 1.2 0.68 9.6
R305 0.012 25 26% 25% 114 1.4 0.63 9.5
R402 0.0068 110 45% 35% 93.8 1.3 0.62 9.6
R405 0.0096 56 40% 37% 124 1.3 0.61 10.5
R502 0.0061b > 480c >52% 40% 158 1.6 0.39 11.8
R505 0.0090b > 480c >57% 38% 240 1.7 0.40 13.0
R602 0.0049b > 480c >55% 34% 58.1 2.1 0.41 5.9
R605 0.0076b > 480c >57% 39% 79.3 1.9 0.40 7.9
a Rh was calculated from light scattering data in chloroform at 25 ◦C.
b kapp was calculated through data only before additional initiator added.
c Additional initiator (1/10 of the initial amount) was added every 2 hours after
t = 2 h to ensure adequate radical formation.
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4.4.1 Gel point determination
The gel point is defined as the first appearance of an infinite network. After this point,
the properties of resulting polymers and polymer solution are changed, including the me-
chanical properties, melting point and solution viscosity. Therefore, to produce thermoplastic
hyperbranched polymers it is necessary to understand the gelation process, namely, to be able
determine and predict the gel point. A conceptually exact method to determine gel point
was provided by Y. Kitaguchi et al., in which the relationship between non-extractable solids
and conversion is extrapolated to zero non-extractables [84]. However, it is time-consuming
and non-trivial to accurately separate the sol (i.e., the soluble part in a crosslinked solution)
from the gel via extraction or Soxhlet extraction. Moreover, during Soxhlet extraction, which
usually costs several days at elevated temperature, the sol-gel fraction may generally change
by further thermally induced crosslinking. Therefore, experimentally speaking, it is more
convenient to set the gel point as the point at which the reaction solution undergoes a large
step change in viscosity, which easily observed through the loss of the vortex in the reaction
vessel[85]. All gel times reported herein followed this method.
The influence of monomer concentration on gelation was interpreted in two respects: the
influence on gel time tc,gel, as shown Figure 4.4(a), and that on vinyl conversion at the gel point
Xc,gel, displayed in Figure 4.4(b). Generally speaking, the RAFT polymerization of AESO
reaches gelation in minutes to hours, with acrylic conversion reaching nearly 60% at a mass
yield of 40%. Figure 4.4(a) shows the relationship between inverse gel time t−1c,gel andmonomer
concentration. As expected, tc,gel increased as the monomer concentration decreased, with the
gel point disappearing altogether for [M ] < 0.126 mol/L. Increasing the [I][CTA] concentration
decreases tc,gel, but does not significantly influenceXc,gel. As Figure 4.4(b) shows, the conver-
sion at gel-point data appear to follow an exponential decay in [M ]. The data fit the empirical
model Xc,gel = 0.03 + 1.5e−9.35[M ] with R2 = 0.96; we speculate on the significance of this
observation in the Discussion section.
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Figure 4.4: Influence of [M ] on gel point including gel time and critical conversion for AESO
polymerization in 1,4-dioxane at 90 ◦C. [I][CTA] = 0.2 ()
[I]
[CTA] = 0.5 (4). Data are only in-
cluded from reactions that featured gelation. (a) Inverse gel time exponentially increases with
monomer concentration increases. Dashed curves are provided to guide the eye. (b) Vinyl
conversion at experimental gel point exponentially decreases as monomer concentration in-
creases according to Xc,gel = 0.03 + 1.5e−9.35[M ] obtained by least squares (dashed curve).
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Figure 4.5: Kinetic plot of AESO polymerization in 1,4- dioxane at 90 ◦C with different
monomer and initiator concentration. (4 R302, N R305,  R402,  R405, ◦ R502, • R505,
O R602, H R605). Lines are linear regression fits to the data with slope corresponding to kapp,
the apparent polymerization rate constant summarized in Table 4.2.
4.4.2 Hyperbranched PAESO RAFT polymerization kinetics
For radical polymerizations, the concentration of propagating radicals achieves a pseudo-
steady state and accordingly the vinyl consumption rate is pseudo-first order: −d[=]dt = kp[P ·]s =
kapp[=], where kp is the propagation rate constant and [P ·]s is the stationary polymer free rad-
ical concentration. The slope of − ln(1 − X) vs t yields the apparent polymerization rate
constant kapp as shown in Figure 4.5. Rate constants for PAESO RAFT polymerization were
determined to be kapp ∈ 0.012–0.0049 min−1. The kapp values for R102, R105, R202 and R205
were not calculated due to the short reaction time before gelation. Generally, polymerization
rate increases as monomer and initiator concentration increases.
Figure 4.6 provides further insight into the role of [I][CTA] with a plot of ln kapp vs. ln[I].
The data follow a linear relationship with a slope of 0.48 (r2 = 0.96). This may be under-
stood by noting that at the stationary state, the radical generation and termination reactions
must balance, yielding [P ·]s ∝ (f [I])0.5 with f ∝ k
2
app
[I] as the initiator efficiency. In RAFT
polymerizations, just as in a conventional radical polymerization, termination reactions are
second order whereas initiator decomposition is first order. Two points deviate significantly
from the linear fit, however; both of these belong to the lowest monomer concentration set
(R6). This deviation corresponds to a reduced initiator efficiency at the smallest monomer
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Figure 4.6: Plot of ln kapp vs ln[I]. A linear fit provides a slope of 0.48, R2 = 0.96,
[I]
[CTA] = 0.2
(); [I][CTA] = 0.5(4). For each reaction, initiator efficiency was compared with R402, plotted
as f/fR402 vs ln[I]. Efficiency values for all reactions were similar except the two R6 reactions,
indicating the low monomer concentration decreased the efficiency of initiator and deviated
the apparent rate constant.
concentration; while exact initiator efficiency values are unavailable directly from the data,
normalized f -values may be calculated as R402
(
f
fR402
=
k2app/[I]
k2app,R402/[I]R402
)
(R402 has the highest
initiator efficiency). Viewed in this manner it is apparent that the initiator efficiency is a weak
function of [M] to a threshold value , below which it begins to decrease significantly. We do
not observe a significant dependence of f on [I] or [I][CTA] .
4.4.3 Molecular weight and Mark-Houwink plot
For an “ideal” RAFT polymerization in which each CTA molecule results in exactly one
primary chain, molecular weight grows linearly with conversion according toMn = MCTA +
[M ]0
[CTA]X . In the absence of crosslinking reactions, the trend in molecular weight growth may
not have the same slope of the “ideal” case due to factors such as imperfect CTA efficiency,
although the trend is still linear. In Figure 4.7, the R4 polymerizations followed a linear rela-
tionship between molecular weight and conversion, consistent with a well-controlled RAFT
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Figure 4.7: Plot of monomer vs conversion of R402 (◦), R405 (•), R602 (4), R605 (N). PDI of
each aliquot was between 1.2 to 1.8. Molecular weight ranged from 1200 Da (monomer) to
116 kDa.
polymerization. Comparing the R402 and R405 curves we see that at the same conversion,
R405 samples have a slightly higher molecular weight, indicating a slightly lower CTA ef-
ficiency at the higher [I] concentration. Further decreasing the monomer concentration has
a much stronger influence on the molecular weight development. Both curves from the R6
set show a strong negative and non-linear divergence from the ideal curve. This shows that in
the R6 series, vinyl consumption does not necessarily contribute to the growth of chain size
and molecular weight. Consequently the chain architecture of R4 and R6 samples should be
distinct.
To quantify these differences, the Mark-Houwink plot is a powerful tool, in which intrinsic
viscosity versus molecular weight is displayed on logarithmic axes. Intrinsic viscosity [η]
quantifies the ability of a solute to increase the solution viscosity in the dilute concentration
regime. [η] is related to the nature, size and chain architecture of themacromolecules as well as
the solvent properties and temperature. The Mark-Houwink equation links intrinsic viscosity
and molecular weight directly as [η] = kMα , combining all other factors simply into two
parameters k and α. Parameter α is considered as a good indicator for polymer conformation
and compactness in solution. A rigid-rod or semi-flexible structure usually has parameter α
greater than 0.8; a flexible chain has α in between 0.5 to 0.8; and a hard sphere or compact
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conformation leads to α less than 0.5. For linear polymers, α is constant with respect to chain
length, whereas for non-linear architectures α shows a strong molecular weight dependence.
Thus the Mark-Houwink plot for a linear polymer should be a line with slope α and intercept
ln k.
Mark-Houwink plots (chloroform at 25 ◦C) for R402 and R602 polymers at early and late
stages of the polymerization appear in Figure 4.8 with results summarized in Table 4.3. As a
reference linear polymer, a polystyrene standard with 105 kDa molecular weight is included
with α = 0.8, typical of polystyrene in a good solvent. Samples with vinyl conversion of
X = 0.11 in R402 and X = 0.20 in R602 have similar molecular weights of ≈ 30 kDa; at
X = 0.40 in R402 and X = 0.55 in R602 with higher molecular weight were selected and
compared. The R402 polymers show α ≈ 0.63 compared to α ≈ 0.38 for R602, indicating that
while R402 enjoys extended chain conformations, R602 is fairly collapsed.
In addition to the Mark-Houwink plot, the hydrodynamic radius Rh is also an indicator
of conformational differences. As shown in Table 4.2 and 4.3, samples synthesized in dilute
condition, R602, have a smaller size compared to those with similar molecular weight but
synthesized in more concentrated conditions, which further supports compacted chain con-
formations as a consequence of intrachain crosslinking. R602-31k has a radius of 3.2 nm; while
the radius of R402-35k as shown in Table 4.3 is 4.1 nm and the R105with 39.1 kDa in Table 4.2
has a radius of 6.3 nm.
Table 4.3: Effect of monomer concentration on PAESO chain development.
NO. VSolventVMonomer X
a Mn /kDa PDI αb
Rh
/nm
R402-35k 4 11% 35.2 1.2 0.64 4.1
R402-94k 4 40% 93.8 1.3 0.62 9.6
R602-31k 6 20% 31.0 1.3 0.35 3.2
R602-58k 6 55% 58.1 2.1 0.40 5.9
PS-standard 105 1.03 0.80 8.5
a Vinyl conversion measured by NMR
b Mark-Houwink parameter
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Figure 4.8: Mark-Houwink plots of different molecular weight of PAESO produced at dif-
ferent monomer concentration. R402-35k (), R402-94k (),R602-31k (©), R602-58k (4), PS-
standard as comparison (—). The slope α of each curve appears in Table 4.3. The slope differ-
ences indicate that PAESO synthesized in different monomer concentration can have various
chain conformation. Samples of R602 show a more compact architecture, while samples of
R402 have a more flexible chain.
4.5 Discussion
In conventional free radical polymerization (FRP), the initiator concentration [I] plays an
important role in reaction kinetics:
− ln(1−X) =
(
fk2pkd
kt
[I]0
)1/2
t = kappt (4.1)
According to Equation 4.1, a plot of ln kapp vs ln[I]0 should yield a line of slope ½ irrespective
of the value of [I]0 (assuming that initiation efficiency f is not a function of [I]0). In hyper-
branched polymer synthesis via FRP, the amount of initiator can also affect gelation process
by changing the number of primary chains and the contribution of termination reactions[86].
For RAFT polymerization, on the other hand, the role of the initiator concentration has not
been investigated in great detail. One of the main reasons is the far more important role of the
CTA, which determines the number of primary chains and the reaction equilibria. Therefore,
[I]
[CTA] values of 0.1– 0.2 are typically chosen; however, studies have shown that [I] mainly af-
fects RAFT polymerization through the polymerization rate. It has been demonstrated that
the chain transfer process in RAFT polymerization does not affect the role of [I]0 in Equation
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4.1,[87, 88] and therefore in RAFT kapp should follow a similar dependence on [I] as in FRP. In
the present Article, we find that [I]0 affects the polymerization in two ways. The primary in-
fluence is simply the polymerization rate, which changes tc,gel but not Xc,gel as shown Figure
4.4 (a), 4.5 and 4.6. That is, gelation occurs at the same conversion independently of the poly-
merization rate. There appears to be very little influence of [I][CTA] on the initiator efficiency,
as shown in the lower panel of Figure 4.6. We do note, however, that others have noted a
precipitous drop in initiator efficiency for very dilute initiator levels ( [I][CTA] < 0.1)[89].
The critical gel point XFSc,gel as predicted by Flory-Stockmayer theory is
XFSc,gel =
√
[PC]t
x[Mx]0
1
Mw/Mn
(4.2)
where [PC]t is the concentration of primary chains at time t, x is the functionality of the
crosslinker, [Mx]0 is the initial crosslinker concentration, and Mw/Mn is the polydispersity
of primary chains [75, 74, 43]. Two assumptions are made in this relationship: (i) No in-
tramolecular or cycling reactions occur, and (ii), all active sites have the same reactivity. A
rough calculation based on the present system with [PC]t[X]0 =
(
[M ]0
[CTA]
)−1
= 1/208, x = 2.6
and DPw/DPn = 2, the critical conversion of double bonds Xc,gel should be ≈ 0.03, far less
than experimental results showed above. However, the exponential decay that we found to
describe our Xc,gel vs. [M ] data in Figure 4.4 (b), Xc = 0.03 + 1.5e−9.35[M ], may provide
some insight. The limiting behavior of this equation with respect to [M ] gives Xc,gel at in-
finite monomer concentration (XMinc,gel = lim[M ]→∞Xc,gel = 0.03), which may be viewed as a
hypothetical gel point in the absence of excluded volume. Interestingly, the XMinc,gel value for
RAFT-polymerized PAESO matches XFSc,gel; this correspondence leads us to suggest a gelation
mechanism depicted in Figure 4.9. The critical gel point is affected by the overlap concentra-
tion of the PAESO molecule. At dilute primary chain concentration, the larger macro-chains
are able to develop much more fully before distinct molecules pervade each other, at which
point network formation more rapidly ensues.
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Figure 4.9: Conceptual illustration of gelation process via RAFT polymerization. (a) Initiation
process. (b) Propagation process and macromolecular chains formed. (c) Gelation occurs
when two macromolecules overlap on each other and have a higher chance to connect and
form an infinite network.
As described above, critical conversion is affected by reaction volume, which determines
the critical hydrodynamic radius. An idealized relationship between critical conversionXc,gel
and monomer concentration [M ] should approximately follow Xc,gel ∝ Mn ∝ Rh ∝ V 1/3 ∝
[M ]−1/3. In reality, however, another factor, which is the intra-molecular reaction should be
considered. Different levels between inter- and intra-molecular reactions lead to various chain
conformations. As intramolecular reactions consume vinyl without a corresponding increase
in molecular weight and size, it leads to critical conversion that further deviates from the
Flory-Stockmayer result. Eventually, intramolecular reactions may result in the complete sup-
pression of gelation as R5 and R6 reactions showed. The high prevalence of intramolecular
reactions are clearly evident in Figure 4.7 (Mn vsX) and Figure 4.8 (Mark-Houwink plot ln[η]
vs lnM ). In Figure 4.7, at similar vinyl conversion, the R402 aliquot has a greater molecu-
lar weight than R602, indicating a higher ratio of intermolecular crosslinking reactions. In
addition, both the Mark-Houwink plot in Figure 4.8 and Rh information in Table 4.3 show
a more compact chain conformation in R602 samples. Hence, the monomer concentration
strongly influences the balance of inter- vs. intra- molecular reactions, which determines the
critical conversion and chain architecture. In the future, a more sophisticated description of
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the balance of inter- vs. intra-molecular crosslinking would be helpful and needed in the
quantitative prediction of (enabling the optimization of) the gel point based on factors such as
the monomer concentration.
4.6 Conclusion
RAFT has been used to synthesize hyperbranched polymers from a multivinyl soybean
oil-based monomer. Gelation is suppressed to vinyl conversions over 50% and mass yield as
high as 40%, allowing the production of polymer with molecular weight as high as 240 kDa.
Gelation is strongly influenced by monomer and initiator concentration, and could likely be
tuned to further suppress the gel point to achieve higher yield. The initiator concentration
simply increases the polymerization rate and reduces gel time, without changing the vinyl
critical conversion. By extrapolating the exponential decay in the critical conversion to infinite
monomer concentration gives a limiting critical conversion, which agrees with the gel point
calculated from the Flory-Stockmayer equation. This finding suggests that the monomer con-
centration influences the gel point by defining the conversion at which the macromolecules
become large enough to overlap. At high concentration, macromolecules are more likely to
overlap at smaller size, providing more opportunities for intermolecular crosslinking and
gelation at lower conversion values. Conversely, as concentration decreases, more space is
given for macromolecules to develop and critical conversion increases. On the other hand,
the decreased monomer concentration encourages the occurrence of intra-molecular reactions
and the production of a more compact polymer chain conformation. These results should be
useful guidance in the RAFT polymerization of other multifunctional monomers in the identi-
fication of an optimized reaction condition. Choosing from the correct monomer and initiator
concentration can yield products with the desired chain conformation, ideal reaction time, and
high conversion/yield without gelation.
However, further study will be needed in the determination of inter-/intra- reaction ratios
and how inter-/intra- reaction affects the polymer mechanical and rheological properties.
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CHAPTER 5. LINEAR RHEOLOGY OF HYPERBRANCHED
POLY-TRIGLYCERIDE DERIVED FROM SOYBEAN OIL
5.1 Abstract
In Chapter 4, it has been discussed that reaction condition plays an important role in poly-
mer architectures. The different chain architectures may lead to distinct rheology properties.
In this chapter, linear viscoelastic properties of hyperbranched PAESO synthesized in various
conditions have been studied and compared. The resulting polymers have molecular weights
ranging from 49 kDa to 390 kDa. Due to the lack of chain entanglement, Zimm model has
been applied to fit the experimental data. The deviation of some samples from Zimm model
can be explained by the existing of intramolecular cyclings.
5.2 Introduction
Branched polymers have shown unique physical properties compared to linear polymers,
i.e. low viscosity, high solubility and high encapsulation capabilities due to their globular
structures[90, 91]. Thus, they have attracted people’s attention due to their potential in in-
dustries such as coating[92], drug delivery[93, 94] and etc.. Various branched polymer topolo-
gies have been designed, synthesized, and studied, including star[95, 96, 97], H-shape[98, 99],
comb[100, 101, 102], bottle brush[103, 104, 105], and etc..
Both experimental and theoretical studies have been done to explain rheology behavior
of various polymer topologies. Tube model has been successfully applied in explanation of
relaxation dynamics of star and H shaped polymers [100, 106, 107]. For star polymers, tube
model can be modified by introducing a branch point to the relaxation modulus. The branch
point suppresses the star molecule from relaxation; while the arms are able to relax following
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tube model[106]. Relaxation of H-shaped polymers follows a hierarchical behavior. At high
frequency region, arm retraction occurs then follows the macromolecules, affected by the de-
gree of entanglement[108]. Comb polymers are considered as a linear chain backbone with
multiple side chains with equal length randomly distributed along the backbone. Tube model
can also be applied to comb polymers with hierarchical relaxation process. However, the main
chains relax as a diluted linear chain due to the existing of side chains[102]. As the side chain
density grows, a new class of branched polymers with different relaxation process appears.
Bottle brush polymers are considered as extreme examples of comb polymers. Each repeat
unit of bottle brush polymers has a side chain, which further dilute the backbone of poly-
mers. Because of the high density of side chains, entanglement of backbones becomes less
obvious[109, 105]. Rouse and Zimm model have been applied to fit the relaxation dynamics.
Most of the branched polymers studied were synthesized in a well defined architecture
with out any cycling in macromolecules. However, as discussed in previous chapter, chain
architectures of hyperbranched PAESO can be easily affected by competition of inter- and
intra- molecular reactions. This work provides a method to qualitatively detect how intra-
molecular reaction affects the products’ viscoelastic properties.
5.3 Experiment
5.3.1 Materials
Soybean oil, epoxidized acrylate (AESO, contains 4,000 ppm MEHQ as inhibitor, Sigma-
Aldrich) was purified immediately before use by passing through a column packed with in-
hibitor remover and silica gel. This AESO contains 2.6 acrylate groups per triglyceride and is
produced from fully epoxidized commodity soybean oil (50% linoleic acid, 24% oleic acid, 7%
linolenic acid) with an average unsaturation of 4.6. Azobisisobutyronitrile (AIBN, 98% Sigma-
Aldrich) was recrystallized in methanol (ACS grade, Fisher Scientific) before further use. 1,4-
dioxane (reagent grade, Fisher Scientific), and hydroquinone (quinol crystalline powder, 99%,
Fisher Scientific) were used as received. Ethyl 2-(ethoxycarbonothioylthio)-2-methylpropanoate
(ETMP) as chain transfer agent was synthesized following themethod reported by Bergman[18].
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5.3.2 Synthesis
Hyperbranched poly-triglycerideswere polymerized via Reversible Addition-Fragmentation
Chain Transfer (RAFT) polymerization. Detailed synthesis method is as followed. Different
target repeat unit R = [M ]/[CTA], R ∈ [208, 832] were selected to achieve different target
molecular weightsMw ∈ [250kDa, 2000kDa]. Initiator AIBN was used as 20% mol/mol ratio
of the amount of CTA. The amount of 1,4- Dioxane as solvent was selected based on the result
from Chapter 4. The detailed chemical ratios are listed in Table 5.1.
5.3.3 Characterization
Gel permeation chromatography (GPC)was used to determine polymersmolecular weight
and polydispersity index(PDI). Measurements were performed in chloroform at room temper-
ature at the flow of 1ml/min, equipped with an RI detector (Wyatt Technology, Optilab T-rEX)
and a dual detector assembly with light scattering and viscometer (Malvern, Viscotek 270
Dual Detector). The system was calibrated using both polystyrene narrow standard (molecu-
lar weight ranging from 821kDa to 2600 Da) and universal calibration methods (polystyrene
standard received from Malvern Instruments Ltd with 101 kDa molecular weight and PDI as
1.02). Vinyl conversion was determined by proton nuclear magnetic resonance spectroscopy
(1H NMR, Bruker, AVII, 600 MHz) in CDCl3. The detailed calculation method was described
in Chapter 4. Glass transition temperatures were obtained via differential scanning calorime-
try (DSC, TA Instrument Q2000 with refrigerated cooling system RCS90). Tzero hermetic pans
/ lids were used as sample holder. The samples were first ramped up to 90 ◦C to erase their
thermal history and equilibrated at -20 ◦C for 2 minutes. Three cycles of heating up to 90 ◦C
and cooling down to -20◦C at rate of 10◦C /min were conducted for all samples. Tgs were
determined from the second cycle. Linear viscoelastic properties for all samples were tested
on a strain controlled rheometer (ARES G2, TA) equipped with liquid nitrogen. 8mm parallel
plates were used with a 0.5 ∼ 1 mm thick layer of samples. Linear viscoelastic regions (LVR)
were determined under 1 rad/s oscillation and 0.1 ∼ 0.5 N axial force. The determination
method of LVR is described in Chapter 2. Frequency sweep tests were conducted in LVR with
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Table 5.1: Hyperbranched PAESO molecule synthesis conditions, kinetics informations and
characterization results.
Sample [M ]/[CTA]/[I] tc/min kapp × 103/min−1 X Mw/kDa PDI Tg/◦C Rη/nm
832-1
832/1/0.5 125 3.9
14% 138 1.25 -6.4 10.2
832-2 27% 340 1.35 -5.3 15.8
832-3 34% 390 1.52 4.3 18.5
416-1
416/1/0.5 95 6.2
18% 172 1.61 -6.1 10.6
416-2 25% 210 1.65 -6.0 12.0
416-3 33% 368 1.78 2.6 17.0
208-1
208/1/0.5 50 9.6
18% 49 1.2 -14.6 7.6
208-2 25% 55 1.3 -12.0 8.2
208-3 32% 67 1.35 -8.6 10.5
temperature ranging from 90 ∼ -20 ◦C and frequency 1 ∼ 100 rad/s. Time-temperature su-
perposition (TTS) horizontal shift has been applied in order to have a wide range oscillation
master curve.
5.4 Results
Hyperbranched PAESOs with molecular ranging from 49 kDa to 390 kDa have been syn-
thesized. Polymerization conditions and kinetics information can be found in Table 5.1. As
[M ]/[CTA] ratio increases from 208 to 832, initiator concentration [I] decreases from 0.36mmol/L
to 0.091 mmol/L. Therefore, gel time prolongs from 50 min to 125 min. Three sample series
have been classified based on [M ]/[CTA], which are 832, 416, and 208. Within each sample
series, three different aliquots have been taken based on the stages of polymerization, early
(#1), middle (#2), and last stage(#3). For each#3 samples, reactions were terminated 10 min
to 15 min prior to gelation. Conversion of acrylic group X , thermal property Tg, and struc-
ture information obtained from GPC, including Mw, PDI and Rη have been summarized in
Table 5.1. Additionally, kinetics information of each reaction series have also been shown,
including gelation time tc and kapp.
GPC traces are shown in Figure 5.1. As shown in figures, at early stage of polymerization,
a single narrow peak can be obtained. However, for higher molecular weight samples, peaks
become broader, and PDI becomes much larger.
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Figure 5.1: GPC traces from RI signal for 832 (Left), 416 (Middle) and 208 (Right). (#1 Black;
#2 Red;# 3)
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Figure 5.2: Oscillation dynamic storage and loss moduli from 832(left) /416(Middle)
/208(Right) sample sets at a reference temperature Tref = 40◦C. Vertical shifts have been
applied to all the #2 (3 decades) and #3 (6 decades). 1 ;2 ; 3 4. Red dashed curves were
calculated from Zimm model with fitting parameters in Table5.3, which discussed in latter
section. Insert figure is shift factor αT vs temperature.
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Table 5.2: Information from oscillation shear test
Sample
slope Cross-over WLF parameters η∗0
/MPa·s∆log(G′)
∆log(ωαT )
∆log(G′′)
∆log(ωαT )
log(ωαT ) G/MPa C1 C2 αf × 104
832-1 1.59 0.93 4.95 11.8 10.22 135.04 3.15 0.26
832-2 1.06 0.84 2.24 1.78 10.21 115.61 3.68 0.87
832-3 0.94 0.74 1.46 1.9 10.94 107.78 3.69 13.1
416-1 1.30 0.91 3.52 4.2 9.73 114.3 3.91 1.9
416-2 1.28 0.93 2.85 1.8 8.97 99.3 4.88 3.0
416-3 1.05 0.81 2.19 2.9 10.08 103.1 4.18 3.2
208-1 1.30 0.95 4.74 25.8 11.4 135.7 2.81 0.13
208-2 1.30 0.9 4.98 11.3 10.2 110.8 3.84 0.2
208-3 1.03 0.81 4.99 30.0 10 114.3 3.80 0.34
Master curves of all samples can be found in Figure 5.2 and TTS horizontal shift factor
αT vs temperature curves for each sample is shown as the insert figure. At early stage of
polymerization, # 1 () of all the three sample sets, terminal region can be easily recognized,
as G′ ∝ ω2 and G′′ ∝ ω1. (832-1,G′ ∝ ω1.59, G′′ ∝ ω0.93 ; 416-1,G′ ∝ ω1.30, G′′ ∝ ω0.91 ;
208-1,G′ ∝ ω1.30, G′′ ∝ ω0.95. ) However, as the extent of reaction increases, terminal region
becomes less approachable. In other words, macro chain relaxation is harder to achieve. De-
tailed slopes of all samples can be found in Table 5.2. TTS fitting parameter C1 and C2 is from
WLF equation:
log(αT ) =
−C1(T − Tref )
C2 + T − Tref (5.1)
WLF parameters C1 and C2 show the dependence of αT on temperature, which suggests the
thermal expansion of free volume. The larger thermal expansion coefficient indicates weaker
temperature dependence. As shown in Table 5.2, each#1 sample has a low αf , indicating the
growth of extension of reaction lower the samples’ sensitivity to temperatures.
Zero dynamic viscosity at Tref = 40◦C of each samples have been plotted with molecular
weight in logarithm figure as shown in Figure 5.3. The dependence of melt viscosity onmolec-
ular weight has been thoroughly studied in previous works. According both to experimental
and theoretical results, viscosity of entangled polymer follows the relation of η ∝M3.4±0.2. As
mentioned before, even with molecular weight as high as 390 kDa, no entanglement observed
in PAESO samples. A scale factor of 2.1, which is not closed to Rouse model as well (η ∝M1)
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Figure 5.3: Zero dynamic shear viscosity vs molecular weight. A slope of 2.1 can be fitted to
data, away from the slope of 3.4 obtained from entangled polymer model.
, also indicates the unentanglement in those samples.
Loss tangent (tan δ) vs angular frequency is a great tool to detect chain relaxation. As
shown in Figure 5.4, three regions can be recognized, which are terminal region, backbone
relaxation region, and side chain relaxation successively from low to high frequency. At ter-
minal region, the response of polymer becomes liquid-like and the slope of loss tangent be-
comes steep. As expected, polymers with lower molecular weight reach terminal region ear-
lier. Backbone relaxation occurs next to the terminal region within the dashed-line-region.
For entangled polymer, backbone relaxation can be easily recognized as a sharp minimum tan
δ peak. The slope of the minimum point turns to zero. For un-entangled PAESO samples,
however, with molecular weights range from 49 kDa to 390 kDa, the slopes of curves reach a
minimum point but not to zero. The changes of curve slope can be used to detect the backbone
relaxation in Figure 5.5.
After backbone relaxation, glassy state normally follows immediately for un-entangled
polymers. However, for hyperbranched polymer, smaller segments, i.e. side chains, slow
down the glassy transition. As shown in Figure 5.4, at high frequency, a relaxation process
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Figure 5.4: Loss tangent vs angular frequency from 832(left) /416(Middle) /208(Right) sample
sets. 1 ;2 ; 3 4. Backbone relaxation regions are marked as dashed line; bold arrows
indicate the branches/side chains relaxation.
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Figure 5.5: Loss tangent vs angular frequency plot from 832-1 sample with absolute instanta-
neous slope.
exists for each sample. Moreover, as molecular weight increases, the relaxation shifts to the
low frequency region. It indicates the growth of side chain lengths.
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Figure 5.6: τsegand τ1 determination. Data from sample 832-1.
5.5 Discussion
Zimmmodel has been widely used to describe the rheological behavior of hyperbranched
polymer due to the dilute effects from side chains. Here in this work, data from oscillation
dynamic moduli have been fitted using Zimm model via the following equations derived
from Bead-Spring model,
G′ = G
N∑
p=1
(ωτ1)
2(p−3ν)2
1 + (ωτ1)2(p−3ν)2
(5.2)
G′′ = G
N∑
p=1
ωτ1p
−3ν
1 + (ωτ1)2(p−3ν)2
(5.3)
where ν can range between 0.5 to 0.67 (Rouse model) based on the relaxation speed; τ1 is the
longest relaxation time, which following τ1 ∼ N3ντseg and τseg is the segment relaxation time.
τ1 is approximately determined using terminal G′G′′ cross-over frequency as shown below
in Figure 5.6 and τseg can be considered as the cross-over frequency before glass transition.
In fitting process, τ1 is used as a fitting parameter while τseg servers as the determination of
fitting errors.
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Figure 5.7: Loss modulus from 832-1 sample replotted here with fitting data from Zimm
model(ν = 0.5 (red dash), ν = 0.56 (Solid) and Rouse model (dot).
ν for all samples has been tested using ν = 0.5, 0.56, 0.67(Rouse model). An example of
comparison is shown below in Figure 5.7. Based on Zimmmodel and Rouse model, scaling of
dynamic moduli at intermediate region should follow:
Rouse : G′ ' G′′ ∼ ω1/2 (5.4)
Zimm : G′ ' G′′ ∼ ω2/3 (5.5)
From Figure 5.7, in the intermediate region, G′′ follows Zimm scaling behavior as G′′ ∼
ω2/3. Similar results can be obtained in all other samples. The fitting parameters are listed in
Table 5.3. Obeying Zimm relaxation indicates that the main chains are shielded by side chains
and does not contribute to the viscous drag or friction. Therefore, Zimm model has a faster
relaxation process compared to Rouse model.
In Table 5.3, longest relaxation time τ1 and segment relaxation time τseg for all samples are
listed. N is the bead number in Zimmmodel. According to model parameter N and τ1, τseg,fit
as the result of fitting is reported, which can be compared to the τseg which is obtained directly
from experiment.
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Table 5.3: Fitting parameters in Zimm model
Sample Mw/kDa DP logτseg/s logτ1/s N logτseg,fit/s ν
832-1 138 115 -4.95 0.67 4500 -4.69 0.56
832-2 340 283 -2.23 2.50 700 -3.48 0.56
832-3 390 325 -1.46 3.36 300 -2.85 0.56
416-1 172 143 -3.52 1.80 2500 -4.09 0.56
416-2 210 175 -2.85 2.32 1300 -3.42 0.56
416-3 368 307 -2.20 2.70 500 -3.20 0.56
208-1 49 41 -4.47 -1.17 7500 -5.16 0.56
208-2 55 46 -4.98 -0.74 7000 -5.08 0.56
208-3 67 56 -4.99 -0.65 7000 -5.07 0.56
In Figure 5.8, the number of beads needed to describe the polymer chain decreases as de-
gree of polymerization increases. It may be due to the increased branches and intramolecular
cyclings, which restricts the mobility of chains. In other words, the size of Zimm segment
increases as explained in Figure 5.9.
In Figure 5.10, log τ including longest relaxation time from data and segment relaxation
time from both data and fitting result as well as the error between two segment relaxation
times are plotted versus degree of polymerization. The deviation obviously increased at
higher degree of polymerization (DP > 250) as error goes up to more than 50%. At low DP
(DP <55), an error of 2% can be obtained. The growing deviation suggests the increasing
heterogeneity in PAESO structure. Additionally, similar observation can be found in master
curve as shown in Figure 5.2, samples with lower extent of reaction (208-1, 416-1, and 832-1)
or low molecular weight have better fit(208-1, 2, 3). In master curve, deviation can also be
recognized in terminal region, as higher degree of polymerization samples have less distin-
guishable terminal region.
In Figure 5.11, prediction of Van-Gurp-Palmen plot obtained from Zimmmodel with each
# 1 sample was potted along with experiment data. The deviation near terminal region can
be due to two different reasons. Firstly, the higher polydispersity, the more deviation curves
have. Secondly, the more difficult of samples to have main chain relaxation, the more devia-
tion as well.
Furthermore, Van-Gurp-Palmen plot here also shows how the glassy transition processes.
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Figure 5.8: Number of beads vs degree of polymerization.
Figure 5.9: Sketch of PAESO structure with no (a) intramolecular cycling and (b) high in-
tramolecular cycling. Red cartoon represents the beads and springs needed to represent the
main chains.
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Figure 5.10: Plots of segment relaxation time τseg (4), longest relaxation time τ1 () from ex-
periment and calculated segment relaxation time τseg,fit(◦) vs degree of polymerization (DP).
Errors between experiment and fitting τseg are plotted in the same figure.
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Figure 5.11: Van Gurp Palmen plot from 832(left) /416(Middle) /208(Right) sample sets. 1;2
; 34. Red curves come from Zimm model of # 1 sample from each set.
For 208-1,2,3 samples, curves follow the prediction plot below 45 ◦, which implies less side
effects at low molecular weight. For 416 and 832 samples, on the other hands, the glassy
transition shows a much slower process compared to the prediction curve. It also indicates
the well developed side chain system retards the freezing process.
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5.6 Conclusion
High molecular weight hyperbranched PAESO samples have been synthesized without
crossliking in various conditions. Rheology data shows that at early stage of polymerization,
relaxation dynamics followZimmmodel well but begin to deviate as degree of polymerization
exceeds 250. The deviation from Zimmmodel indicates the heterogeneous structures (cycling
and branches) affect the relaxation dynamics. Due to the high density of side chains, backbone
entanglement can hardly reach even at molecular weight as high as 390 kDa. Side chain length
can be qualitatively compared via loss tangent plot as the longer the relaxation time indicates
longer the side chains.
As mentioned, both GPC traces and rheology analyst suggest that PAESO maintains rela-
tively more homogeneous structures at low molecular weight or low extent of reaction, even
though the molecular weight can achieve 140 kDa. It suggests that sacrificing the extent of
reaction may improve the structure homogeneity in hyperbranched polymer synthesis via
radical polymerization.
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CHAPTER 6. EFFECTS OF VEGETABLE OIL COMPOSITION AND ITS
EPOXIDATION LEVEL TO THE PHYSICAL PROPERTIES
6.1 Abstract
In previous chapters, commodity triglycerides/ Acrylated epoxidized triglycerides from
soybean oil have been used, which have an average 2.6 acrylate groups per molecule. Com-
modity triglycerides from soybean oil have an average composition as followed: 24% oleic
acid, 50% linoleic acid and 7% linolenic acid. However, various fatty acids have different
reaction kinetics. In this chapter, the effects of triglyceride composition have been discussed.
6.2 Introduction
Epoxidized vegetable oils are important biorenewable molecules with a wide variety of
applications, either by themselves or as a beginning step to other molecules with varied func-
tionality. Epoxidized soybean oil (ESO) shows promise as a lubricant [110] and is used as a
plasticizer for PVC plastics [111]. Epoxidized vegetable oils in general can be used to make
thermosetting polymers [28], e.g. polyurethane and polyether. Functionalized epoxidized
vegetable oils, especially acrylated epoxidized soybean oil (AESO), can be used for a variety
of applications as well. Wool, et al have developed thermosets using AESO and other deriva-
tives of epoxidized vegetable oils[112, 113, 114]. Cochran,et al [17, 4] have used AESO as a
monomer for thermoplastic elastomer.
Several things complicate the production of epoxidized vegetable oils. The most common
synthesis involves using performic or peracetic acid formed in situ by a reaction between
concentrated hydrogen peroxide and the organic acid because peroxides of organic acids are
highly unstable. Formic acid was chosen for this study because of the formation of its perox-
71
yacid does not require a mineral acid as a catalyst[115]. Another challenge is that the epoxy
ring formation reaction is very exothermic, 4H = -55 kJ/mol. To prevent creating too much
heat too quickly, hydrogen peroxide is added in dropwise to a reaction vessel containing the
oil and formic acid.
Despite the diverse potential industrial applications for epoxidized vegetable oils, knowl-
edge about their structure-characteristic relationship is limited. Viscosity and crystalline be-
havior are of interest to studying the relationship between structure and characteristics for
epoxidized vegetable oils and for developing potential new applications because both prop-
erties relate strongly to the composition of the material. The viscosity of triglycerides, fatty
acids and methyl esters have all been tested in a number of articles. Demirbas[116] reported
the viscosity of 22 common oils and 14 methyl estesr. However, only a few studies have ad-
dressed the viscosity of epoxidized soybean oil. It is known that epoxidized soybean oil has
a higher viscosity than soybean oil[110]. La Scala and Wool mentioned that the viscosity of
epoxidized vegetable oils increases as the oxirane number increases[117]. Yang, et al studied
the viscosity and crystallization properties of partially epoxidized SBO and found that viscos-
ity, activation energy andmelting point increase with time; however, they did not extend their
results to other vegetable oils [118].
There are several methods to analyze the composition of fatty acids and their epoxidized
derivatives. Anuar, et al showed that the epoxidation of canola oil can be tracked using
LC-MS[119]. However, GC-FID was chosen as the analytical method of choice for this study
because it provides information about the reaction rates of the individual fatty acids not just
the entire triglyceride.
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6.3 Experiment
6.3.1 Materials
High oleic soybean oil, and soybean oil were purchased from Archer Daniels Midland.
Linseed oil was from Gamblin Artist Colors, Inc. Hydrogen peroxide (30%, ACS) and formic
acid (88%, ACS), sodium bicarbonate, and magnesium sulfate anhydrous purchased from
Fisher scientific along with diethyl ether, anhydrous, from Avantor were directly used with
no further purification.
6.3.2 Epoxidized vegetable oil
A magnetic stir bar, 200 g of each oil and 48.12 g of formic acid (1:4.12 oil to formic acid
mole ratio) was added to a 1 L round bottom flask. A low ratio of formic acid to oil was
chosen to prevent ring opening as shown in work by Campanella et al [120]. The flask was
placed in an oil bath at 50 ◦ C and stirred at 600 RPM.Hydrogen peroxide was added dropwise
in a semi batch over the course of four hours (1:1.5 double bonds in the oil to total hydrogen
peroxide). Aliquots were taken hourly. DI water was used to cool down the solution and
sodium bicarbonate was added to neutralize the system. After the neutralized reaction was
stirred until it stopped bubbling, diethyl ether was added. The mixture was then transferred
to a separation funnel and washed with DI water until neutral was reached. The aqueous
layer was discarded and the organic layer was dried over anhydrous magnesium sulfate and
then filtered. Excess ether was removed in a rotovap and the resulting epoxidized oil was
dried in a vacuum oven.
6.3.3 Conversion calculation
Proton NMR (Bruker, AVIII, 600 MHz) in CDCl3 was used to obtain the number of double
bonds per triglyceride (δ 5.4 ∼ 5.6) as well as epoxy rings (δ 2.9 ∼ 3.25). Methyl group in fatty
acid chain ends (δ 0.9, 9 protons) and methylene protons on the glycerol backbone (δ 4.1∼ 4.3,
4 protons) were used as an internal standard. An example was given in Figure 6.1.
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Figure 6.1: An Example of conversion calculations. Up: High oleic soybean oil. Down: High
oleic soybean oil after 4 hours’ reaction )
6.3.4 Viscosity test
ARES-G2 rheometer from TA instrument with an Advanced peltier system (APS) was used
as a viscometer with accurate temperature control. Bobwithwith 27.66mmdiameter, 41.5 mm
length and cup with 30 diameter was chosen. The operation gap between cup and bob was set
to 3.6 mm. Experiments were performed at 20, 30, 40 and 50 ◦C. Shear rate ramped up from
1 to 200 1/s in 100 seconds and 100 data points was recorded in logarithm space. Since all of
the epoxidized oils are Newtonian fluids, the viscosity was taken as the average over the all
the data points at a certain temperature.
6.3.5 Differential scanning calorimeter
Differential scanning calorimeter Q2000 from TA instrument with refrigerated cooling sys-
tem range from -90 to 550 ◦Cwas used to study themelting/crystalline behavior of epoxidized
oils. A ramping rate of 5 ◦C/min was chosen between -75 to 75 ◦C/min.
6.3.6 Triglyceride composition analysis
Both oil and epoxidized oil were analyzed through a standard lipid composition analysis
protocol using GC-FID. Samples were prepared following the procedure below. 2 mg of solid
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Figure 6.2: An GC-FID spectrum example from soybean oil. Peak a is from C16:0, Peak b from
C 18:0, Peak c from C18:1, Peak d from C18:2, Peak e from C18:3
sample or 2 µL of each liquid sample were mixed with 2 mL of 1:5.25 (V/V) HCl:methanol
solution and heated to 80◦C for 30 minutes. 2 mL of 0.9% NaCl was added and the organic
layer was extracted by hexane extraction twice. The organic layer was collected into a 2mLGC
vial and concentrated under nitrogen to 0.3 mL. Then the samples were injected to GC-FID,
Agilent Technologies Model 6890 gas chromatograph, equipped with LTM oven and flame
ionization detector. The method used was: inject at 100◦C, hold for 1 minute, ramp 20◦C/min
to 240◦C and hold for 10min. Example spectrumwas shown below. C18:0 was used as internal
standard to calculate the conversion of each unsaturated fatty acid.
6.3.7 X-ray diffraction
X-ray diffraction was done in Ultima IV (Rigaku CO.) with a copper radiation source. The
sample (Epoxidized high oleic soybean oil) was rapid cooled down using liquid nitrogen and
finely grounded as powder using a ceramic mortar and pestle before being addedl to a clean
blank glass sample holder. Powder on the holder was then pressed via a glass slide. The
sample was scanned under room temperature from 3 to 50 ◦ at a speed of 2 ◦/min.
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6.4 Discussion and result
6.4.1 Kinetics
Wool et al. [121]has done a very complete work on testing the epoxidation rate constant for
different fatty acids as well as vegetable oils. They developed amodel to calculate epoxidation
rate constant of vegetable oils based on their compositions. In order to eliminate the diffusion
limit, they used a large excess of performic acid (1:0.007 mol/mol of acid to oil). In our work,
we decreased the amount of performic acid (1:0.24 mol/mol of acid to oil).
Triglyceride epoxidation reaction contains threemain processes as shown in Scheme 6.3∼6.5.
Double bonds located in triglycerides (A) react with performic acid (B), which is produced
from formic acid (D) and hydrogen peroxide (E). Since peroxide compounds are highly unsta-
ble, the continuous generating fresh performic acid is necessary. Moreover, the semi-batch
dropwise addition of hydrogen peroxide to avoid serious exotherm kept the level of per-
formic acid in the system stable. The reaction can be regarded as a pseudo-first order reaction
as shown in Equation Ring opening occurs while forming epoxy rings as a side reaction in
Scheme 6.5. Due to the solubility limit, concentration of water and perfomic acid in oil can be
approximated as a constant, further simplifying Equation
Figure 6.3: Scheme of epoxidation process
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Figure 6.4: Scheme of the produce of performic acid
Figure 6.5: Ring opening reaction as side reaction
The reaction conditions are in Table 6.1. Aliquots were taken every hour for each of the
three oils. The consumption of alkene and production of epoxy ring were detected via 1H-
NMR. In Figure 6.6, pseudo-first order, expressed in Equation 6.1, was used to plot the double
bond conversion vs time in order to obtain the rate constant k′1.
Table 6.1: Summary reaction condition and kinetic results.
Alkene
per molecule
FA H2O2
per Double bond
Formic Acid
per Triglyceride
k′1
/h−1
k′2
/h−1
tmax
/hOleic Linoleic Linolenic
HOSBO 2.96 74% 6% 2.5% 1.5 4.2 0.59 0.07 6
SBO 4.58 24% 52% 8% 1.5 4.2 0.37 0.03 7
LO 6.43 18.5% 17% 56.5% 1.5 4.2 0.25 0.03 9
d[=]
dt
= −k1[=][A]
= −k′1[=]
(6.1)
In Figure 6.6, linseed oil has the smallest rate constant, based on conversion of double
bonds, due to the different molarity. However, linseed oil has the fattest epoxy ring forming
rate as shown in Figure 6.7. k′2 can be solved using Equation 6.1 and 6.2.
d[O]
dt
= k1[=][A]− k2[O][H2O]
= k′1[=]− k′2[O]
(6.2)
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Figure 6.6: The pseudo-first order reaction of double bond consumption.(4 High oleic soy-
bean oil,© Soybean oil,  Linseed oil )
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Figure 6.7: Growth of epoxy ring during reaction time. (4 High oleic soybean oil,◦ Soybean
oil,  Linseed oil )
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Figure 6.8: Track of the number of opened rings with time.(4 High oleic soybean oil,© Soy-
bean oil,  Linseed oil )
The existence of a side reaction makes ring opening important as well. The theoretical
number of opened rings can be calculated by Equation 6.3
[OR] = [=]0(1− k
′
2
k′2 − k′1
e−k
′
1t +
k′1
k′2 − k′1
e−k
′
2t) (6.3)
Experimental data is obtained by subtracting the disappearance of double bonds from ap-
pearance of epoxy rings. Both theoretical and experimental results were shown in Figure 6.8.
HOSBO has the best fit and also obviously has the fastest ring opening rate, which matches
some other’s work on ring open reaction on epoxidized vegetable oils. Since epoxidized
vegetable oil is an intermediate product, it has a maximum concentration as well as a corre-
spondent maximum reaction time tmax, which can be calculated using 6.4. The result can be
found in Table 6.1.
tmax =
ln(
k′1
k′2
)
k′1 − k′2
(6.4)
The epoxidation rate constants of pure fatty acids and triglycerides with one type of fatty
acid per triglyceride have been well studied[121]. In this work, the reaction rate of different
fatty acid as mixture in triglycerides was studied separately via GC-FID as shown in Figure
6.9.
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Figure 6.9: Track of reaction rate different fatty acid in linseed oil.(4 oleic acid, linoleic acid,
© linolenic acid )
An interesting phenomena can be seen by comparing the kinetic result obtained from Fig-
ure 6.6, 6.7and 6.9. Even though linseed oil, 56.5% of linolenic oil, has the slowest overall
kinetics constant, the epoxy ring formation rate is the fastest. And linolenic oil has the fattest
consumption rate from GC-FID while oleic oil has the slowest rate. Steric hindrance as well as
diffusion limit should also be considered in this case. The consumption of linolenic oil does
not mean the consumption of all three double bonds. With steric hindrance and diffusion, it
is possible that the 2nd and 3rd double bonds are not as active as the 1st one.
6.4.2 Viscosity
Viscosity of the three oils has been tested. From figure 6.10 below, linseed oil (6.43 double
bonds per triglyceride) has the lowest viscosity at all tested temperatures; and high oleic soy-
bean oil (2.96 double bonds per triglyceride) has the highest. However, as temperature rises
from 20 to 50 ◦C, the differences between these three oils decreased, which reflects the differ-
ence in viscous flow activation energy. Activation energy can be calculated using the equation
below.
η = η∗eE/RT (6.5)
The comparison of viscosity and activation energy among the three vegetable oils shows
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Figure 6.10: Viscosity of three oils. The flow viscosity active energy of HOSBO 30 kJ/mol, SBO
28 kJ/mol, LO 25 kJ/mol.
the impact of the number of double bonds to the packing of triglycerides. Better organized and
tighter structure leads to higher viscosity. An increased number of double bonds per triglyc-
eride, which does not allow the triglycerides to pack together neatly, results in a decrease of
viscosity. At a relatively high temperature, 50 ◦C, packing among triglycerides was damaged
thermally and intermolecular forces decreased, leading to low viscosity and a decrease of dif-
ference in viscosity among the three oils. The increase of viscosity of vegetable oil as the
epoxidation increases may be due to the formation of hydrogen bonds[118]. As seen in Figure
6.11 as conversion increased, viscosity also increased for most of the point except for points
located near 80% of conversion.
6.4.3 Crystallization
The melting point of different triglycerides have been studied and well summarized[122].
The common melting points for unsaturated triglycerides are between -26 to 52◦C depending
on different chain configurations; for saturated ones their melting points are between 32 to 86
◦C. The large increase in melting point between saturated and unsaturated fatty acid is due to
the tendency of crystallization. The double bonds prevent the fatty acid chains from orderly
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Figure 6.11: Viscosity of three oils and their epoxidized oils at different conversion. (a) Sam-
ples were tested at 20◦C. (b) Samples were tested at 50◦C. (4 HOSBO;© SBO;  LO)
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Figure 6.12: Trace of activation energy changes in the process of epoxidation reaction of three
oils.(4 HOSBO;© SBO;  LO)
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Figure 6.13: DSC cycle of three oils after 5 hours epoxidation.
rearrangement.
It is almost certain that triglyceride crystallization will be easily affected by the present of
double bonds and epoxy rings. We explored the existed epoxy rings’ effect to the crystalliza-
tion.
Since, HOSBO has the most consistent composition and the least number of double bonds,
its epoxidized product has the strongest trend of crystallization among the three oils studied.
From DSC figure 6.13 below, one sharp and narrow peak can be seen in the cooling cycle of
EHOSBO-5hr. Epoxidized SBO has an obscure peak at the same temperature while there is
no peak at all epoxidized LO. In the heating cycle, EHOSBO-5hr has a much cleaner spectrum
compared to the other two. A re-crystalline peak comes right after a melting peak, indicating
the transfer of crystalline structure. A second melting peak appears around 40 ◦C. For both
of ESBO-5hr and ELO-5hr, different crystalline peaks shows up between -70 to -30 ◦C, which
is much lower than EHOSBO. Furthermore, the broadness of peaks also indicates the com-
plication in composition compared to HOSBO. A XRD spectrum clearly shows the crystalline
structure of EHOSBO-5hr at room temperature as shown in Figure 6.14
The temperature that the crystalline peak appeared at during the heating cycle from all
the epoxidized samples was plotted in Figure 6.15. Due to the broadness peak from ELO sam-
ples, determination of crystalline temperature is not as accurate as the other two. However,
a general conclusion can be drawn that as the number of double bond per chain decreased,
crystalline temperature increased, indicating that the crystalline structure was favored.
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Figure 6.14: XRD result from EHOSBO-5hr at room temperature
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6.5 Conclusion
In this work, we tested the epoxidation rate of three different oils, high oleic soybean
oil, soybean oil and linseed oil. The diffusion limit was not eliminate because of the large
amount of performic acid needed to eliminate it. With the diffusion limitation, high oleic soy-
bean oil(74% oleic) has the highest overall epoxidation rate constant; while linseed oil (56.5%
linolenic) has the smallest, even though linseed oil has the most double bonds per triglyceride.
From GC-FID, the result shows that linolenic gets epoxidized the easiest. However, GC-FID
only has the ability to trace the reaction of first double bond disappearance of linoleic and
linolenic fatty acid. The contrast result from overall kinetic rate constant and GC-FID pointed
out the conclusion. That is, double bonds on linoleic and linolenic fatty acid are more active.
However, due to the steric hindrance and diffusion limit, the second and third double bonds
are not as reactive as the first one. Furthermore, viscosity was tested as well. For the three oils,
viscosity decreased as double bond number increases. As epoxy ring number increases, both
viscosity and flow active energy increase. Epoxidized vegetable oils have a strong trend to
crystallize even at room temperature. XRD and DSC have been used to prove the crystalline
behavior of epoxidized vegetable oil.
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CHAPTER 7. FUTUREWORK AND PRELIMINARY RESULTS
7.1 Ex-situ SAXS experiment on tracking RAFT polymerization of acrylated
epoxidized soybean oil (AESO)
Chain conformation changes during the whole progress of reaction will be tracked and de-
tected in order to completely understand the development of hyperbranching and the even-
tual gelation process. Radius of gyration, which can be easily linked to the hydrodynamic
radius, is the main information that will be obtained in the experiments. The rate of radius in-
crease is affected by the tendency of intermolecular or cycling reactions. Thus, with the radius
information given by SAXS and vinyl conversion by NMR, the critical hydrodynamic/ radius
of gyration should be able to be tracked.
Also, depending on the scale of polymer specimens and the light source, additional infor-
mation can be acquired. It is expected to obtain size information on macromolecule and mi-
crogel blobs from the higher scattering vector (q) region. Additionally, information about the
intermolecular crosslinking, intramolecular crosslinking, and cyclization will be represented
in the lower q region by interpreting the large-scale fractal structures.
7.2 Morphology of hyperbranched PAESO
Kinetics and rheology studies of hyperbranched PAESO have been done. However, the
morphology of hyperbranched PAESO has not been systematically studied yet. From rheol-
ogy study, it is known that no entanglement exists in sample with molecular weight as high as
388kDa. It can be due to the side chain dilution factor to main chains as mentioned in Chapter
5. On the other hand, it might be also due to the unique morphology of PAESO. Some articles
reported that certain hyperbranched polymers have global architecture, which is similar to
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Figure 7.1: Contact mode AFM figure gathered from 0.2% w/w PAESO in THF solution with
drop casting. Section analysis indicates the dots highlighted in left figure have around 10 nm
in height.
Figure 7.2: Tapping mode AFM figures gathered from 0.002% ww PAESO in THF solution
with drop casting.
dendrimers[123, 124, 125]. And it will be interesting to see hyperbranched PAESOs with high
molecular weight have similar properties as dendrimers. Preliminary data from PAESO with
388 kDa have been collected via atomic force microscopy (AFM) and transmission electron
microscopy (TEM).
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Figure 7.3: TEM figures from PAESO (2% w/w) and poly( 5-ethylidene-2-norborenen) (98%)
mixture stained by OsO4 for 1 hour. The Darker region represents PAESO and the lighter
continuous phase represents the poly(5-ethylidene-2-norborenen).
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APPENDIX
BIORENEWABLE POLYMERS BASED ON ACRYLATED EPOXIDIZED
SOYBEAN OIL ANDMETHACRYLATED VANILLIN
Reproduced with permission from Zhang, Chaoqun; Yan, Mengguo; Cochran, Eric; Kessler,
Michael R.Materials Today Communications, 5, 18-22. doi:10.1016/j.mtcomm.2015.09.003,
A.1 Abstract
A series of novel, biorenewable polymers based on acrylated epoxidized soybean oil (AESO)
andmethacrylated vanillin (MV) was prepared through bulk free-radical polymerization. The
chemical composition of AESOwas investigated using proton nuclearmagnetic resonance (1H
NMR). The thermo-mechanical properties of the resulting polymers were characterized by dy-
namic mechanical analysis (DMA), thermogravimetric analyses (TGA), and tension tests. The
effect of the ratio of AESO and MV on the thermo-mechanical properties of the copolymers
was investigated. Increasing MV content resulted in an increase in storage modulus, glass
transition temperature, Youngs modulus, and tension strength in the copolymers. However,
both thermal stability and elongation of the copolymers decreased with increasing MV con-
tent. The new bio-based polymers exhibited glass transition temperatures ranging from -4
to 103 ◦C. Their good mechanical properties and high thermal stability make them suitable
candidates for advanced composite applications.
A.2 Introduction
While petrochemical-based polymers have been the materials of choice for a wide vari-
ety of applications and in fact have facilitated many modern technologies, their use has also
sparked concerns ranging from environmental to sustainability issues. Today, academic as
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well as industrial efforts are focused on the development of renewable polymers to partially
or fully substitute their petroleum-based counterparts in certain applications. Soybean oil
(triglycerides formed from glycerol and three fatty acids) is one promising, inexpensive, and
readily available natural resource that is considered a potential replacement for petroleum-
based polymers [126, 16].
The fatty acids in soybean oil typically have between 0 and 2 internal cis-double bonds
in their backbone. Because the reactivity of these naturally occurring carbon-carbon double
bonds in soybean oils is very low during polymerization[127], reactive functional groups are
often introduced into the backbone of these oils. For example, different methods were used
to introduce hydroxyl groups into the composition of soybean oil through in order to pre-
pare polyols for polyurethane production. Thesemethods included epoxidation/ring opening
[128, 129, 35], ozonolysis[130], hydroformylation/reduction with syngas [131, 37], and trans-
esterification (amidation) [132, 133]. Polyurethane coatings, foams, and nano-composites have
been produced using these soybean oil-based polyols and the properties of the final materials
were comparable to their petroleum-based counterparts because of the hydrophobic nature of
the triglycerides in soybean oil [134, 135]. Several properties were even superior to those of
petroleum-based polymers, including physical and thermal stability properties [136, 137].
Reactive vinyl groups were incorporated into the chains of soybean oil to facilitate fast
polymerization. La Scala prepared acrylated epoxidized soybean oil by reacting acrylic acid
with epoxidized soybean oil [121]. Zhang developed a novel, efficient, one-step method to
produce acrylated soybean oil by reacting acrylic acid directlywith soybean oil using BF3·Et2O
as a catalyst[138, 139]. Although polymers from these soybean oil-based monomers showed
some promising properties, their glass transition temperatures and mechanical properties
were relatively low due to its aliphatic structure, making them unsuitable for structural appli-
cations [140]. In order to overcome this challenge, rigid aromatic molecules were introduced
into the polymer network. For example, Khot cured AESO with different amounts of styrene
to obtain a copolymer with properties to reach a range acceptable for structural applications
[11]. Zhan prepared bio-based polymers fromAESO by cross-linking with phthalic anhydride
for printed circuit board applications [19]. Liu incorporated methacrylated eugenol into acry-
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lated epoxidized soybean oil using free radical copolymerization to obtain high bio-content
thermosetting copolymers that showed potential for pultrusion and other composite manu-
facturing processes[141].
In this work, a bio-monomer methacrylated vanillin (MV) was used to copolymerize
with acrylated epoxidized soybean oil (AESO) at different ratios. The thermo-mechanical
properties of the resulting polymers were evaluated by dynamic mechanical analysis (DMA),
thermogravimetric analyses (TGA,) and tension tests. The properties of the final polymers
were tailored by adjusting the ratio of AESO and MV.
A.3 Materials and methods
A.3.1 Materials
Epoxidized soybean oil (ESO, 4.77 epoxy rings per triglyceride) was received from Archer
Daniels Midland. Hydroquinone (reagent plus grade, ≥ 99 % purity), pyridine (anhydrous,
99.8 % purity), acrylic acid (anhydrous, containing 180-200 ppmMEHQ as inhibitor, 99 % pu-
rity), and inhibitor remover (for removing hydroquinone and MEHQ) were purchased from
Sigma-Aldrich. Diethyl ether (ACS grade) was received from J. T. Baker. Toluene (reagent
grade), silica gel (100∼200 mesh, chromatography grade), sodium bicarbonate (powder, certi-
fied ACS, 99.7% ∼ 100% purity) were purchased from Fisher Scientific. The preparation and
characterization of MV is detailed in the public literature (Renewable Polymers Prepared from
Vanillin and Its Derivatives, in review by Macromolecular Chemistry and Physics). N-tert-
butyl peroxybenzoate was purchased from Sigma-Aldrich (Milwaukee, WI). All chemicals
were used as received without further purification.
A.3.2 Preparation of AESO
ESO (100 g, 0.105 mol) was mixed homogenously with 1.9 g (0.0241 mol) pyridine as cat-
alyst and 0.7 g (0.0064 mol) hydroquinone as inhibitor in a 250 mL flask. First, 19 mL toluene
was added to the mixture and then 14.4 g (0.2 mol) acrylic acid was also added while stir-
ring vigorously. The reaction was carried out at 95 rˇC for 14 hours. After completion of the
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reaction and the solution had cooled, diethyl ether was added to dilute the solution. Excess
sodium bicarbonate was also added to neutralize until no residue acrylic acid left in the sys-
tem. Then, the inhibitor was removed and salts were filtered out in a column packed with
silica gel. Excess solvent was removed using a rotary evaporator. The remaining material was
further dried in a room-temperature vacuum oven overnight.
A.3.3 Polymer synthesis
AESO was mixed vigorously with MV at different ratios in a small vial. Then 0.5 % wt. of
N-tert-butyl peroxybenzoate was added as initiator. The mixture was poured into a silicone
mold and kept at 90 ◦C for 1 h, at 130 ◦C for 6 h, and subsequently at 150 ◦C for 2 h. The
resulting films resins were cut into specific dimensions for thermo-mechanical testing.
A.3.4 Characterization
1H NMR spectroscopic analysis of AESO was performed on a Varian spectrometer (Palo
Alto, CA) at 300 MHz. Dynamic mechanical analysis (DMA) of the copolymer films was
conducted using a TA Instruments DMA Q800 dynamic mechanical analyzer with a film-
tension mode of 1 Hz. The samples were rectangular with 1.5 mm thickness, and 10 mm
width. The samples were cooled and equilibrated for 3 min at -50 ◦C, then heated to 170 ◦C at
a rate of 3 ◦C/min.
Thermogravimetric analyses (TGA) of copolymer samples (weight approx. 15 mg) were
conducted using a TA Instrument Q50 (New Castle, DE). The samples were heated from room
temperature to 750 ◦C at a rate of 20 ◦C/min in air. The mechanical properties of standard
dog-bone shape samples were tested using an Instron universal testing machine (model 4502)
with a crosshead speed of 10 mm/min. At least three samples were tested to obtain average
property values.
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Figure A.4: 1H NMR spectrum of AESO
A.4 Results and discussion
The 1H NMR spectrum of AESO is shown in Figure A.4. The following peak information
was obtained: 0.46∼ 0.51 ppm (m, 9H, CH2CH3, d), 2.45∼2.75 ppm (m, 2H, CH2COH2, e)
3.72 ∼ 3.76 ppm (m, 2H, CHCH2OOR, c), 4.84 ∼ 4.87 ppm (m, 1H, ROOCH(CH2)2, b), 5.98 ∼
6.04 ppm (m, 3H, CH2CHCOOR, a). The average degree of acrylation was obtained through
integration of the three peaks at 5.3 ∼ 6.1 ppm using the peak area at 0.3 ∼ 0.6 ppm (the
terminal -CH3 attached) of AESO for normalization (with an integrated value of 9). AESO
contained an average of 1.3 functionalities, while 2.3 epoxy rings remain per molecule .
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A.4.1 Characterization of AESO / MV copolymers
Figure A.5: Storage moduli (left) and loss factors (right) as functions of temperature for
copolymers of AESO and MV
Figure A.5 shows the storage moduli (left) and loss factors tan δ (right) as functions of tem-
perature for copolymers of AESO and MV. With increasing temperature the storage moduli
of all copolymers exhibited the same trend: storage moduli decreased slightly until the tem-
perature reached -45 ◦C, and then decreased rapidly once the temperature was above -30 ◦C;
a rubbery plateau was observed in the late region of the curve. The decrease in the storage
modulus indicated the onset of segment motions of the polymer chains[142]. A single peak
maximum of tan δ was observed and the respective temperature was taken as the glass transi-
tion temperature Tg shown in Table 1. As the MV content increased, both the storage moduli
of the copolymers and the Tg increased. This was attributed to an increasing number of rigid
aromatic rings in the polymer chains that caused increased rigidity of the thermosets. In the
investigated copolymer systems, the MV acted as hard segments while the AESO acted as soft
segments. By varying the ratios between MV and AESO, the thermo-mechanical properties
of these copolymer systems can be easily tailored to provide materials that range between
rigid plastics and soft elastomers. With the exception of AESO homopolymers, the tan tan δ
curves showed very broad peaks (two tan δ peaks overlap), indicating some degree of phase
separation between the hard segments (MV-rich domains) and the soft segments (AESO-rich
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domains) in the copolymers[34].
Figure A.6: Storage moduli (left) and loss factors (right) as functions of temperature for
copolymers of AESO and MV
Figure A.6 shows the TGA curves and their derivative curves of AESO / MV copolymers,
and the T10 and T50 data are summarized in Table A.1. All copolymers were thermally stable
up to 200 ◦C. The derivative curves indicated three thermal degradation processes. The first
stage of thermal decomposition from 200-300 oC was attributed to unreacted AESO and MV,
and some low molecular weight oligomers in the polymer network. Decomposition in the
range of 300∼ 400 ◦Cwas the fastest degradation stage initiated by the unsaturated chain ends.
The degradation process above 400 ◦C was attributed to the random scission of the polymers
and char formation at high temperatures[143]. As the MV content increased, the amount
of unsaturated groups increased, resulting in decreasing thermal stability of the copolymers
in the first degradation stage. On the other hand, the tri-ester structure in AESO leaded to
higher thermal stability in second degradation stage for AESO homopolymer than that for
copolymers between AESO andMV. There is no obvious difference in third degradation stage
for these polymers. Table A.1 shows that 10 % degradation (T10) occurred at 363, 340, 290, 272,
and 268 ◦C, respectively for the five copolymers investigated; T50 was detected at 415, 410,
402, 397, and 392 ◦C, respectively.
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Table A.1: Thermal and mechanical properties of copolymers of AESO and MV.
DMA
Tg (◦C)
TGA in nitrogen (◦C) Tensile strength
(MPa)
Youngs
modulus (MPa)
Elongation at
break values (%)T10 T50
PolyAESO100MV0 -4.1 363 415 0.3±0.01 3.2±0.04 15.2±0.3
PolyAESO80MV20 45.3 340 410 7.1±0.6 78.4±5.4 9.0±0.5
PolyAESO60MV40 86.7 290 402 9.3±2.6 467.6±30.0 6.9±1.3
PolyAESO40MV60 95.2 272 397 12.5±1.5 655.5±102.8 4.3±0.2
PolyAESO20MV80 102.9 268 392 27.9±0.6 1206.1±187.6 3.0±0.4
Figure A.7: Storage moduli (left) and loss factors (right) as functions of temperature for
copolymers of AESO and MV
Figure A.7 shows stress/strain curves for copolymers of AESO and MV. Table A.1 sum-
marizes Youngs moduli, tensile strength, and elongation at break of the copolymers. As
MV content increased, the number of rigid aromatic rings increased, leading to the increas-
ing Youngs moduli and tensile strength. However, elongation at break of the copolymers
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increased as the AESO content increased. This was expected because the free fatty acid chains
in AESO are flexible, acting as plasticizers, while the aromatic ring in MV is relatively rigid.
As more rigid MV was incorporated into the crosslinked polymer network, the overall stiff-
ness in the obtained copolymers increased[144]. The ultimate tensile strength of the copoly-
mers ranged from 27.9 MPa for the AESO20MV80 copolymer to 0.3 MPa for the AESO ho-
mopolymer. AESO homopolymers showed the highest elongation at break (15.2 %), while the
AESO20MV80 copolymer exhibited the lowest (3.0 %). The systematic variation in mechani-
cal properties with increasing MV content of the copolymers is another indication that these
properties can be tailored by changing the ratio of MV to AESO.
A.5 Conclusion
Bio-based polymers were prepared by bulk free-radical copolymerization of AESO and
MV. Their properties were tailored by adjusting the ratio of AESO toMV. DMA, TGA, andme-
chanical analysis indicate that increasing MV content in the copolymers results in an increase
in storage modulus, glass transition temperature, Youngs modulus, and tension strength.
However, the thermal stability and elongation of the copolymers decrease with increasing
MV content. These bio-based polymers exhibit glass transition temperature ranging from -4
to 103 ◦C. Their good mechanical properties and high thermal stability make some of these
polymers suitable for advanced composite applications.
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